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EDITOR'S NOTE 

One of the remarkable features in the Uterature of the electro- 
technical world is the paucity of works essaying to deal compre- 
hensively and as completely as our knowledge will permit, with 
the problems involved in the appUcations of electricity in the 
Telegraph and Telephone Services. There are, of course, numerous, 
books of a more or less elementary and general character, and 
there are several which deal effectively with small fragments of 
the subject, hut no serious attempt has hitherto been made to 
cover the whole field. That field is obviously too extensive for 
any attempt to be made to deal with it between the covers of a 
single volume, and it is specialized to such an extent that no one 
in<^vidual can claim to have an expert knowledge of it in its 
entirety. 

It has therefore been deemed expedient to produce a series of 
handbooks, so co-ordinated that they shall collectively cover the 
whole of the ground involved, but that individually they shall 
be as complete and self<ontained as it is possible to make them. 
It has also been arraiiged that in order to secure the latest and best 
available expert information upon the several branches of the 
subject, the preparation of each handbook shall be entrusted to a 
specialist. The list of titles of the volumes at present in hand, given 
on the page facing the title p^e of this vdume, will afford some 
indication of the scope of the series and of the subject-matter to 
be dealt with in each volume. The majority of the authors are 
officers on the Staff of the Engineering Department of the Post 
Office, and the Postmaster General has been pleased to express 
his approval of the work which they have undertaken. I have, 
however, been asked to say that any opinions which the authors 
may express are personal, and not necessarily those of the Post- 
master General or of the Administration, 

The theory of telephone transmission is an important subject, 
and its importance increases with the development of the telephone 
system. It is natural, therefore, that considerable attention should 
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have been devoted to it both at hmne and abroad, which has 
. resulted in the production of illuminating works by some of its best 
exponents, but it is beheved that no one has Mtherto published 
a book which deals with combined theory and practice, or which 
provides a bridge between mathematical theory and its apphcation 
to the everyday problems of the engineer. This is the object of the 
present volume and the importance and wide application of this 
method of treatment are considerable. If we accept as a definition 
of a good oigmeer, one who can produce a maximum of efficiency 
at a minimum of cost, then it may be claimed without hesitation, 
that the book affords considerable assistance in the development 
cd a good telephone engineer. A perusal of its pages will also 
disabuse the mind of the idea which is prevalmt in some quartos, 
that telephony and other branches of " light " electrical engineering 
axe simple, and free from such abstruse problems as are invcJved 
in " heavy " electrical engineering. 
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AUTHOR'S PREFACE 



Theohetical Telephonic Transmission has attracted the attention 
of competent writeis in many countries in recent years. The 
scientific foundations of the subject were, however, laid with remark- 
able foresight and accuracy in this country by Ohver Heaviside, 
more than thirty years ago, and about the same time the subject - 
was independently investigated by Vaschy in France. It was not, 
however, until the end of the nineteenth century that the first impor- 
tant application of the theory, to the improvement of transmission 
by series lumped loading, was worked out by Pupin, Since that time ■ 
the theoretical hterature of the subject has grown in volume very 
materially, both in the form of articles on important branches of 
the subject, and general treatises coveringthe whole theory. The 
author's acknowledgments of his indebtedness to many of the 
writers in question will be found duly recorded in this volume, but 
there are many other writers, to whom it was not necessary to 
specially refer, who have also done valuable work. So far as 
practical applications of the subject are concerned, the important 
work done by the American Telephone and Telegraph Co., and the 
Western Electric Co. of America, are of the highest value, and much 
■ of the pioneer work in the important applications of the art has been 
done in their laboratories. The late National Telephone Co. also did 
excellent work in this country ; and the British Post Office has a 
trained technical staff, inclut^ng the late National Telephone Co.'s 
experts, continually employed on telephonic problems. The Tele- 
graphen-Vereuchsamt of the German Post Office has existed for many 
years, and has published much valuable information from time to 
time, from its records. The Japanese Post Office has also recently 
pubhshed details of important transmission investigations made in 
its laboratory. It may further be mentioned that the French Post 
Office has recently organised a " Service d'Etudes et de Recherches 
Techniques," and many smaller organisations closely study the most 
up-to-date methods. 

The author takes the opportunity of thanking the Engmeer-in- 
Chief of the Post Office for permission to publish details of Depart- 
mental apparatus, and particulars of tests which were carried out by 
the Post Office Engineering Research Staff. 
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viii AUTHOR'S PREFACE 

The Author is much indebted to Mr. W. J. Hilyer, B.Sc. (Eng.), 
and to Mr. C. Robinson, B.A. (Eng.), the former having been kmd 
enough to read Chapters XI. and XII., and the latter Chapter XIV. 

To Mr. A. B. Morice, B.Sc. (Eng.), tlie Author's special thanks 
are due for having worked a large part of the problems, and pre- 
pared a number of the curves, besides reading the whole of the 
proofs, and offering suggestions which must result in making some 
parts of the book dearer and more complete than they would 
otherwise have been. 
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INTRODUCTION 



It seems desirable at the outset to describe briefly the special 
features of this book. These may be summarized as follows : — 

(a) Numerous examples involving the use of transnussion 
formula are given, and fully worked out, and a chapter on trans- 
mission measurements is included. 

(ft) A large amqunt of space is devoted to practical appUcations 
of the laws of telephonic transmission, including the solution of 
important cost problems and standard cable practice, 

(c) In addition to the usual proofs of transmission equations a 
special point is made of developing the fundamental foimuls of 
transmission in what appears to the author to be the simplest way 
possible, consistent witn sound theory. 

As regards the last paragraph, the usual method of proof involves 
a knowledge of sine wave transmission, including tne treatment 
ol reflection at the boundary of unequal impedances, and also the 
- differential calculus. This method has doubtless great advantages 
for those who are sufficiently conversant with it, and accordingly 
the usual proofs on these lines will be found in Appendix I. and 
Chapter Vfl. 

There are, however, many persons employed in telephonic work 
who cannot follow such advanced methods, but to whom never- 
theless a clear conception of the fundamental facts underlying the 
ordinary transmission formulae would be of great advantage. An 
attempt has been made to meet this difficulty in some measure. 
It should, however, be borne in mind, as explamed in (c), that the 
simdhfications are generally speaking additional matter. 

The simplified plan adopted is in the first instance to consider 
the simplest possible transmission line, i.e. the i nfini te line, and to 

frove the fundamental foimulEC relating to it without the calculus, 
his is done in Appendix II. Following on from this it is proved, 
by means of quadratic equations in Appendixes III. and IV., that the 
constants of an artificial circuit can be found, which is equivalent, 
within limits which are defined, to a real transmission circuit of 
any length. In Chapter III. it is shown how the constants of this 
artificial circuit can be utilized in a simple manner, by methods 
coming under the operation of Ohm's law, to the building up of the 
same transmission equations as are developed in Appendix I. and 
Chapter VII. by the more orthodox methods. 

In addition to the development of transmission formulae by the 
aid of the laws of reflection and refraction at the junction of unequal 
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impedances, transmissioti losses and gains at such junctions are 
investi^ted by expressions for the power in the circuit, and the 
conditions in whicn maximum power is obtained are found (see 
Chapter VII.). This leads to a dear appreciation of what constitutes 
loss and gain in a telephone circuit. Some unavoidable complexity 
is here involved, but this is less than that involved in the usual 
treatment. 

It must be recognized from the commencement that there is a 
certain amount of unavoidable complexity in transmission jtroblems 
which cannot be eliminated. Tnis may be divided mto two 



(i) That due to the inherent complexity of the laws of trans- 
mission, however devdoped ; and 

(2) That due to the fact that telephonic transmission involves 
alternating current calculations of a complicated kind. 

Much of the complexity of the subject is due to the latter cause, 
and for this reason direct current transmission is &ist dealt with. 
There is, however, nothing new in this idea. 

Although the use of hyperbolic functions is on the increase in 
works on telephonic transmission, their use is not universal, and 
the question may arise as to why they should be extensively used 
in a Dook such as this which amis at avoidir^ unnecessary com- 
plexity ? The answer is that in the author^ opinion their use 
materially simplifies the working of transmission problems where 
tables of hyperDolic functions are available. Thus, to take a simple 
example. The sending end impedance of a transmission line with 

the distant end closed is Zq _g = Zo tanh $. If the value of 6 

is known the value of tanh 9 may be found direct from a suitable 
table. The same rrault may be arrived at by the aid of a table 
of exponentials such as that given in Appendix Vlll., but in that case 
further arithmetical operations are necessary before the required 
value is obtained. The fact is that in any finite transmissdon line, 
with or without apparatus, every expression for the volts, current, 
and impedance, at any point of the Une, contains a factor or term 
which can be expressed as a hyperboUc function, and it cannot 
■ be expressed in any other way which involves so little labour 
in evaluation when suitable tables of hjrpeirbolic functions are 
available, which is assumed. Even, however, if they are not, no 
additional work is caused by the use of the functions. The material 
advantage pointed out will be found, on studying the subject, to 
be supplemented by others of an important kind, which are explained 
in Chapter III. 

As regards the importance of telephonic transmission to large 
telephone administrations; it is only necessary to point out that the 
subject deals with the effidency of all the tdepnones and lines in 
the system. The plant may cost many millions of pounds, and the 
most effident and economical method of laying it out can only be 
found by the fullest knowledge of all the factors involved. The 
proper study and application of tdephonic transmission must result, 
therefore, in great economies, as compared with any non-sdentific 
method of providing the plant for a given transmission effidency. 
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CHAPTER I 

MATHEMATICAL FORMULA AND NOTES 

i. Introdnetory Remarks. — The following formulEe and notes are 

given with the object of directing the reader's attention to the more 
important formulae used in the book, and providing some assistance 
in their elucidation. The chapter forms a siunmary of essentials 
which is not intended to supersede the detailed study of mathe- 
matical treatises. If, however, the reader is acquainted with algebra 
up to and including the theory of indices, the comppmid interest 
law, and simple logarithms, and is familiar with ordinary trigono- 
metrical formuliE, he will pro"babIy be able to make good use of 
the notes. 

In some cases, however, the differential calculus is used, but as 
a rule throughout the book, an alternative, and simpler, treatment 
is indicated with the object of making the fundamental parts of the 
subject accessible to as large a number of readers as possible. 

2. 'The Binomial Theoiem. — This theorem provides a fonnula 
which makes it possible to immediately raise any oinominal quantify 
such as (b + 6) to any proposed power. The theorem stated alge- 
braically is 

The number of terms on the right-hand side of this equation is 
« -|- 1 when « is positive, the number of terms is infinite when n 
is negative or fractional. 

The accuracy of the equation may easily be verified by using 
it to develop well known formulae, such, for example, as (a -|- 6)» 
or any more complex power of (a -\- b). 

S. The Exponential Serlei. — It may be seen from paragraph 2 
that if n is greater than i, no matter how large the index « may be, 
the number of terms is ■« + 1, so that if n be infinitely great, the 
, number of terms will be infinite, and we thus obtain an infinite 
series. If such a series tends to a definite limiting value, as the 
number of terms is indefinitely increased, the series is said to be 
convergent. Inasmuch as the supposed series contains an intinite 
ntmiber of terms, it is obvious that perfect exactness in calculation 
cannot be attained, but by taking a sufficient number of terms 
any desired degree of exactitude may be arrived at. Now the terms 
of some series decrease much more rapidly in value than others, . 
and the one we are about to deal with is a rapidly converging 
series. Equation (i) may be made use of. As a first step in its 
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development [a + ft)" is modified as follows. Let a = i, 6 = - 
n = x, and let the^smn of the series be called e, then we have 



(a+S)--(l+J)'-ii 



If X is a very large quantity and if this algebraical series be expanded 
by the binomial theorem, we obtain 

(2) 



1.2.3.4.5 



This expansion converges so rapidly that if the sum of the first 
13 terms be taken, the value of c is correctly found to seven decimal 
places, or « = 27182818. 

In any equation of the form y = a', where a is any constant 
and X any variable exponent, y is called an exponential expression. 
If the constant has the value e already developed, we have y — e*. 
Now e is the base of the Napierian logarithms, also known as the 
natural, and the h3T)erbolic logarithms. If e be raised to the 
power X by the aid of (2} and the binomial theorem, we have 

\, ^xj ^1^1.2^1.2.3^1.2.3.4^1.2.3.4-5 

This is the exponential series, and it will be used in connection with 
the sine and cosine series. 

. Napierian logarithms, and the expression e", are very largely 
used in analytical investigations on account of some remarkable 
properties which they possess, and which make for simplification. 
A remarkable property of equation (3), for example, whicn is of use 
in telephonic transmission is at once made evident by a simple 
application of the differential calculus. By differentiation of (3) we 
obtain 

''M=o + ?+^ + -S^ + — ^^— +— S^*— + 

X ^I^I.^^I.2.S^I.2.3.i|7/l.2.3.4.$ 

So that the series is unchanged by difierentiation ; or in other words, 

—-' = c, that is to say, the rate of change of e* with respect to x 

is e*. If any other base than e be taken, the ia.te of change is more 
complex. ^ 

An appHcation of an exponential equation to telephonic trans- 
mission is given at the end of the chapter, 

4. Relations between the Sine, Cosine, and Exponential. — The 
sine and cosine of an angle x, which are functions of the angle in 
circular trigonometry, may be expressed as expansions in series, 
thus— 

sin x = a: ^— -\ ~ (4) 

1.2.3^1.2.3.4.5 ^'*' 

COS a: = I — -5 =- .... (e.) 

1.2 ^1.2.3.4 ^-'' 
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11 jx be substituted for x in foimula (3) we obtain 



^■' 1.2 1.2.3 1.2.3.4 r z-S' 
V 1. 2^1. a. 3. 4 / 



6'' = COS X -\-j sin a; {7) 

,, __ _ Te'stheo: 

t may be similariy shown that 

^^=eW*=cos*"ysinA; . ... (8) 

6. Gflometrieal Progression. — In the following equation let S be 
the sum of « tenns in series 

S=fl+ar + ar2+«r3+ . . . +ar"-i , . {9) 

Here any tenn is always r times the preceding term, and r is called 
the conmion ratio. Smce the second term is ar. the nth term is 
af*-^. Multiply each side of (9) by r and we obtain 

Sr = ar 4- ar2 + ars + . . . + fl/" . . (10) 

Subtract (9) from (10) and we obtain 

Sr — S = flr» — a (ii) 

seeing that the other terms cancel out. If r is greater than 

I we nave 

S(r-i)=ar" — a 

whence S = "^^"j"^^^ (12) 

If r is less than i this becomes 

S — Sr = a-«r" 

whence ^='^^'? ^T^r^—-, ■ ■ ■ (^3) 

It is clear from {13) that S, the sum of the geometrical series, 

is less than z-^. but if « is made suflBciently large "_ will 

become very small, and in this way S may be made to difier from 

_ by a quantity which is less than any assignable quantity, 

tiierefore in the limit 

S = ^-2-, ...... (14) 

6. Vectors — General. — Physical quantities that have magnitude, 
direction, andsense are called vector quantities, or simply vectors. 
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Thus, alternating voltages and currents continuously vary in 
magnitude and phase (corresponding to direction), and are alter- 
nately positive and amative (corresponding to sense), and may 
thereJore be represented by vectors. The vector OP (Fie. i) has 
a magnitude OP, a direction which is indicated by the angle j> that 
OP makes with the horizontal Une a and a sense indicated by the 
arrow head in OP. 

A vector of a given magnitude may have any direction, and it 
is convenient for our purpose to regard its magnitude as the hypo- 
tenuse of a right-angled tri- 
angle, as shown in Fig. i, 
where OP is opposite the 
right angle. If O be regarded 
as the centre of a circle round 
which OP turns, the com- 
ponent parts a and b of the 
vector will be different with 
every position; but in all 
cases, excejrt when the line 
OP is vertical or horizontal, 
it is possible to construct a 
right-angled triangle with OP 
as hypotenuse, and with the 
side a horizontal and the side 
b vertical. In such a case 
the horizontal line serves as 
a fixed axis of reference, and 
this facihtates calculation, 
FiG- 1- and comparison of one vector 

with another. If the magni- 
tude of OP be called A, then this magnitude may be represented in 
different ways as follows : — 

(a) A m ay be regarded by Euclid I. 47 as having a value 
V«' + i^.andthis magnitude is at an angle ^ with OX. If the 
angle is positive the vector value may then be written 

■ . • (15) 

that is, V«M-^ at a positive angle ^ whose tangent is -, A negative 

angle is indicated thus\^. 

(h) If in Fig. I, O is the centre of a circle of which the diameter . 
is x^x, all lines from to * are regarded as positive and lines from 
to Xi as negative. A hne turned through_a^ right angle in the 
positive direction, such as b, is denoted by y/—i —j to indicate the 
degree of turning, hence the vertical line in Fig. i may be denoted 
by jb. If the rotation had been 00° in the negative direction the 
vector would have been —jb. The vector A /^ may be regarded 
as the resultant of a-irjb, and we then have ~ 



^A — J 

X, a X 
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Sincey = -vA^ .■.;2 = — i, ya^— -v/— 1^1 >* = + i. etc. 
From Fig. i we have 

«=Acos^;6=Asin^; and .-.jb =A; sin ^ 

Adding the value of a axidjb. and collecting the results of (7), (15) 
and {16), we have 

a+_;J = A(cos^+>sin ^)=Afl* = v'aM^/tan-i-=A/* (16} , 

In this case the angle ^ has been substituted ior x in {7), and this 
course will be adheredto in future references. 
Subtracting yA from a we may similarly write 



a— _;ft=A(cos^— ysin^)=Ae-rt'=v'u^+Atan-ir— -^=A\^ (19) 
In Fig. I A = ■y/a^ + b^ is known as the modulus, and 

i=taji-i-=cos-*4 =sin-i-r is the areumenl (20) 
a A A 

Operations on Vectors. 

7. Addition and Subtraetlon of Veetois.— a -f jp& is a complex 
number having a real part a and an imaginary part jb. If two com- 
plex numbers are equal, their real parts are equal and their imaginary 
parts are equal, thus : if a +jb = c +jd. then a=c and 6 = i. 

If A = (a +;6) + (c +jd), then 

A = (a + c)+j{b + d) .... (21) 

To add vectors, therefore, add all the real parts to obtain the 
real part of the resultant, and add all the imaginary parts to obtain 
the miaginary part of the resultant. 

The same principle applies to the snbtraoUon of vectors : thus 

If A = (a +jb) - {c +yS), then 

A = (a-c)+J(b~d) .... (22) 

8. Hnltiplleatlon of Vootors. — By (18) we have a +jb = Ae/*- 
Similarly we may write c +jd = Bf'*'. 

•■■ {^+2l>){c +jdi = Aef* X Be'*i = ABe»(*+*i) = AB/_^jMi (23} 

Hence the product of vectors is found by multiplying their 
magnitudes or moduli and adding their angles. 

8. The Quotient of two Vectors is similarly found by dividing one 
rnodulus by the other, and subtracting the angle or argument of 
the divisor from that of the dividend ; thus 

or i±i5- A'*'-Aj,-»J_*/i_A,, , , , 
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10. Powers of a Veetot. — 

Example. ^'Raiss A{cos ^ +j sin ^) =A&* to the «th power. 

We have A»(cos «^ +_; sin «^) = A"ei"* = [a +jb)* . (25) 

This is proved in works on trigonometry. A is alwayspositive, 
^ is any angle, and m any number, positive or negative. The angle 
^ is usually expressed in radians. 

11. The Square Root of a Veetor.— As a particular case of (25), 
we have 

A'(cos|+;sin|) = v^el = VM^ = V'A^= (26) 

Hence, to obtain the s<niare root of a vector take the square root 
of the modulus and divide the angle by 2. 

12. Logarithm of a Vector.— 

(fl) Iflog,(«+y6)=log,v'«M^ /tan^i- [see (18)] =A+yB 



then A = Jlog,(«2 + i2);andB=tan-i- . . {27) 

(6) Let (a +jb) = Aje**. Since ;> is log< of e*'*. 
•■. log. (fl +jb) = log Ai +j-t. 

where ^ is expressed in radians. 

18. Hyperbolic Functions.- — The mathematical expressions which 
show the relations of voltage and current in finite transmission lines 
contain functions of the exponential which are known as hyperbolic- 
functions, and these may be derived as follows. 
By addition of equations {7) and (8) we have 

e'* + e-i't' = cos ^ -^j sin ^ + cos ^ —j sin ^ = 2 cos ^ 

, ^'* +e-'* , „, 

whence cos ^= - — „" -~ '^°' 

Similarly by subtraction of (8) from (7} we obtain 

eJ* — e- )* 



sin ^ = 



2} ... - 
lij8 be now written for ^ in (28) and (29), we obtain 



sin ^ = sin 



cos 4.=co5je = J .... {30} 



;'=ir^)=<'^'") ■ (3^) 



The expressions — 2 ^^^ — 2~~ ^^^ called cosh ffand sinh 9 
respectively. We may therefore write by (30) and (31} 

-fl J. a-9 

cos;>=cosh(l=— ^^ — . . . {32) 
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(33) 



The similarity between the sine and cosine and the sinh and 
ccsh values extends also to the geometrical relations between the 
two as well as to the algebraic values of these functions. It can, 
in fact, be shown that there are six hyperbolic functions connected 
with the equilateral hyperbola, which have a resemblance to tbe 
six functions of circular trigonometry, and which are called the 
hyperbolic sine, cosine, tangent, secant, cosecant, and cotangent. 
These functions receive the general name of hyperbolic functions, 
and are as follows ; the whole six are given together for reference. 




It should be noticed that in every case the names given to these 
functions are the same as those given to the corresponding trigo- 
nometrical function, with the addition of tbeletterA.whichindicates 
that they are h3T)erbolic functions. 

From the fact that cos j9 = cosh fl = cos ^ and sin j9 =j sinb 6 
= sin ^ by {30) and (31), it follows that any formula in circular 
functions may be transformed into one in hyperbolic functions, but 
the + and — signs in the two sets of formmse will not necessarily 
be the same ; cosh 6 has, however, the same sign as cos ^ and replaces 
it : but sinh S requires further examination, seeing that j sinh 9 
= sin ^. So long as these functions are directly equated to each 
other and involve only the first power, the operator j remains, 
Tbere are, however, a number of equations in which the first power 
of j sinh 6 appears on each side, and cancels out, ' For example, we 
have 

sin i j sinh S ■ . >. „ sinh 9 . - „ 1 .^\ 



Also r^riK-» = S25^<.r-,-U = cosech.. . (41) 



^-^^ _ cosech 9 _ 

/ sinh &~~ j ' sinh 9 ~ 

If the second power of j sinh 9 appears in any expression. 
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becomes {j sinh fi)*= — sinh^ 9, and similar treatment may be 
applied to other functions containing j^. Bearing these facts in 
nund, any equation in ordinary trigonometry may be converted into 
hjfperboUc functions ; for example — 

cos^ i +sin*^ = r becomes by (30) to (33) 
cosh* « + (y sinh «)8 = cosh* ff — sinh* # = i 

tan 24 = Jt-^ii "^y ^ expressed in hyperbolic functions thus 

j tanh ze = i^fW, ; that is, tanh 2ff = Vf'M , 
■' I— {_7 tanh fl)2 ' ' i+tanh'fl 

Proceeding in this way the following relations of hyperbolic 
functions to each other may be deduced. [See also (34) to (39).] 

14. List of Formnbe of Hyperbolic Fanetions with Multiple, ete.. 
Angles. — 

sinh (9 ± 9j) = sinh e cosh 0i ± cosh 9 sinh 9i . . (42) 
sinh (e + *i + fig) = sinh Bj cosh 6 cosh 9^ + sinh 6 sinh fli sinh 9g 
+ smh 6 cosh flj cosh fig 
+ sinh 6^ cosh 9 cosh fli . . , (43) 

sinh 9'-i- cosh ff = e* (44} 

cosh 9 — sinh tf = e"' (45) 

coshs 9 - sinhs 9 = i {46) 

sinh 29 = 2 sinh 9 cosh 5 {47) 

cosh {9 ± 9i) = cosh 9 cosh $1 ± sinh P sinh % . . (48) 
cosh 29 = coshs fl + sinh* fl = 2 sinh^ fl + 1 

= 2 cosh^e — I (49) 

sech2fl = i— tanhsff {50) 

cosech^ 6 = cotanh^ fl — i (51) 

sinh ^ = VMcosh 9-i) (52) 

cosh - = VMcosh 9 + 1) (53) 

, .9 sinh 9 cosh tf — i . . 

^^l^a^H-coshtf sinhtf ■ ■ • • (54) 

^-^^"=11^^ (55) 

^-M^±M- ;?tn?/^\\ (36) 

The list might, of course, be continued if necessary. 

16. Maxima and Hlnlma Valnei of tlie Hypetbolie Fanotlons. — 

As changes from — 00 to + 00 , all intermediate values between the 

limits are attained. 

sinh = cosh = 1 tanh 0=0. . (57) 

sinh 00 = eo cosh os = 00 tanh 00 = 1. . (38) 

sinh (—00) = — CO, cosh(— ooj^oo tanh(— ») = — i (59) 
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16. PiflerenUal Co«nelents and Integrab of HyperboUfl FnatUons. 

(f sinh e 



~ = cosh 8 {60) 



^fi^sinhd (61) 

■^y^ ^sech^ S (62) 

^i2e^f5hJ = cothfl (63) 

i^2S^^ = tanhe (54) 

"^ '"^//""^ ^ = sech cosech = 2 cosech 2fl . (65) 

./smh2ftiff = J(smhecosh9-fl)4-c - ■ (66) 

/ cosh« fliiS = i(smh 8 cosh P + ff) + c . . (67) 

ftmh^ede = {8—tBiihe)+c (68) 

17. Complex 
expressions are met 
thus we have sinh 

To obtain the value of this equation the hyperbolic' angles 
cosh jd^ and sinh )0j are converted as follows. We have from (32) 
. cosh fli = cos j6i. If 81 be changed to jS^ this becomes 

coshyfli =cos;2fli =cos (— 6^} ^cos B^ . (69) 

We also have by (33); sinh di = sinj8i. If di be changed toyfli 
we obtain 

ysinhyfli=sin (— flj) 
or sinh/9i = ~-j sin (— flj) =/ sin 9i . . (70) 

Substituting the values of cosh iffi and sinh j0i in the equation 
for sinh {9 +/#i) from (69) and (70), we obtain 

sinh (9 +j\) = sinh 8 cos 81 +j cosh ff sin tf, 

and similarly 

. cosh (e +J61) = cosh fl cos fli +/ sinh sin flj 

also tanh (fl tye,) = tanh " ± tanh/fli 

^ -^ " 1 ±tanh fltanh^fli 

or tanh(e±;flJ = -^|2^je±it^Lii. 

^ ■' " 1 ± J tanh etan S^ 

Since by (69) and (70) ^5^^, ^; sin 0, 

' * ^' " ' cosh;9i cos $1 



tanhySi —j tan 0^ ... . (71) 
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IS. List of FormulEB involvinK Imaginary HyperboUe AnglM. — 

Collecting and extending the results of the expressions for imaginary 



ving Imi 

^ufts of 
e have the following list : 

sin^y^i =_/ sinh 9j . 
cos jfl] = cosh fli 
tan j9x =3 tanh fl^ . 
cot jB-i = —j coth ffi 
secyflj =sech B^ 
cosec yCi = —j cosech 



hyperbolic angles, 
sinh jS^ =j sin fl^ 
cosh j6i — cos 8i 
tanh j6i =^j tan fl^ 
cothySi ^ —/cot ffi 
sch^fli^sec $1 
cosech ^'9i = —j cosec 8j 
sinh (fl+jflj) =sinh Sees B^ ±ycosh fisin e^ 
cosh (8 ±jej) = cosh tf cos fli ± j sinh tf sin fli , 
tanh fl ± ; tan Oi 
I +y tanh tftan fli ■ ■ • ■ 
19. Theorem relating to Hyperbolic Funetlons. — If 
b sinh Pj 
a ~ cosh Oi 
then V^^ — f>^ sinh (ff + e,) = a sinh 6 + b cosh fl 

From the preceding we have 

&g sinha Bj 

a^ cosh» ei 

^ sinh^gi— coshg ^i ^ .. 



tanh(9±yfli) 



(72) 

(73) 

(74) 

(75) 

(76) 

(77) 

(78) ■ 

(79) 



(Si) 



whence 
and 



cosh^ 9i 
cosh 61 ■■ 



coshsffi 



by (46} 



Also similarly we may write by inverting - 

fl2 — 62 coshs B, — sinh^ 8, 



b^ 



sinh" ffi 
sinh fl, = - 



(83) 



Substitute the values of sinh fli and cosh B-, from (82) and (83) 
in (42), and we obtain 

sinh {6 + 8j) : 

that is \/a^ — fea sinh (» + e^) = a sinh 9 + 6 cosh ff . (84) 

20. Maxima and Minima. — If ^ is a function of x there are 
numerous cases where y increases to a maximum value and then 
decreases, or where y decreases to a minimum and then increases. 
Such cases are frequently met with in transmission problems, and 
two methods of finding the maxima and minima values will new 
be explained. There are also more complex cases where maxima 
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and minima values alternate and recur, but these are riot dealt with 
here. The problems dealt with have a direct application at a later 
stage. Problem i is used frequently, and problem 2 is utilised in 
Chapter IX. 

Problem i. — Find a minimum value for M-y/x + -^ ) 



^ .... (85) 



If a curve be plotted with values of jy as ordinates and values 
of * as abscissEe, the minimum value may be read by inspection of 



I 



the curve. It will suffice in this case to plot^ values of x between 
o and 5, as it is obvious by uispection that -y/x continually increases 
and —T= continually decreases, and therefore there can only be one 

minimum value of v ; the maximum value of y will only be reached 
when X reaches infinity on the one hand, and is infinitely small on 
the other hand. Fig. 2 shows that the minimum value of y is 
attained when x = i. To find the maximum or minimum by 
differentiation in this case, we have 



dx ' 
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When the minimum value of y is reached it commences to increase, 
and at the exact value f =o (86) becomes 



^Uy-'-v) - ^'-75 



(87) 



ajid therefore * = i. 

In order to find whether x has a maximum or minimum value 

when 3^=0 difierentiate a second time, so as to obtain the value of 
ax 

j^, and substitute the value of x so found. If the result is negative, 
>| is a maximimi ; if it is positive, ^ is a minimum. Applying this 
rule to (86) we have 

4!5:=j i=X('3_I^ . . (88) 

dx'^ 8^' %x* ix^x ) ^ ' 

When * has the critical value i this is positive, and the value of 
y at that point is therefore a minimiun. 



The equation ■jLVx + —T^)=y is one of a type which will repay 

lurther examination, as similar equations are used many times in 
this book. It will now be shown that any equation of the form 

3'=^+»«" (89) 

where a and b are constants, ;i; is a variable, and n any constant 

whatever positive or negative, has a minimum value when — = bx* , 

and this can be proved graphically in the same way as Fig, 2. We 
have by differentiation 

^ = — fl«x-[»+H + 6««»-i 
dx ' 

For a minimum value we have 

i»t*-(»+ii = bnx'*-^ ; that is » = -^^^ = «^" 

or |i = *^ (90) 

\ia=b=\ and« =\ (89) becomes jy =i{'\/« + -7=) which is 

the example shown in the graph, and when « = i it will be seen that 
the equahty given in (90) nolds good. 

li- = b (89) becomes 
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and we have the case of a fraction — and its reciprocal. It follows 
that the minimum value of any such fraction when added to its 
, reciprocal is attained when the sum of the fniction and its reciprocal 
= 2, for by (90) J; = ^, whence a = *", and therefore ^ = I and — 
= I. We have, therefore, J + 1. = 2 in such a case and J - J; = 0. 
If instead of «■ we take a*, then in the equation 

y='^'+^, (92) 

where x may have'any value positive or negative, and a may be 
any constant whatever, the mmimum value of y is again reached 
when a* = —. It will be noticed that we have again the sum of a 
number and its reciprocal- By plotting values of x against y from 
(92) the minimum value may be found. By differentiation of (92) 
we have 

^ = «* log, a -a-' log, a. . . . (93) 
For a minimum value we have 

a' log, a = a—* log, a 
whence 1* = t; or {a')^ = i and therefore a* = i and x=0. 
It follows that 

«'+Ji = 2anda»-l=o . . . (94) 

If in (92) « = «, the root of the natural logarithms, we have 
y = e'+ e-'^= 2 cosh x 
and also yi=e* — &-* =2 sinh x 

It follows from (94) that the minimum value of cosh a: is i and 
also that the minimum value of sinh x=o. 
Therefore the minimum value of 

■tanh;t^^|^ = ? = o .... (95) 
cosh A I ^y-" 

and this agrees with {57). 

Problem 2. — In the expression 

y-log,§xi> (96) 

where D is a constant and d a variable less than D, show that the 
maximum value of jy is obtained when log,T =o'5=log,'\/«- This 
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is solved graphically in Fig. i, where the values of d are plotted as 
. abscissae ana the values oi y are given as ordinates, the value of 
D being taken as lo. 



2C 

IE 



Fig, 3. 
To solve by the differential calculus use the well-known formula 
^ = Mt^+Vt^, both M and v being functions of x, then if 

e, -j=ii and d^ = v, we have 
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g = ,ilog,D-^«.^.g=.i.log.°-i , (97) 
For a maximum value we have 

2d . log, -j=<i or 2 log. ^ = I 
and therefore log* j = i =log, •v/e = log,«»J . . . {98) 

i.e. the result is the logarithm to the base e of the square root of 
271828. 

Another example of the same type, but for a minimum value, 
is the following. 

Problem 3. — What is the minimum value of 

y=^ (99) 

This is solved by means of a graph in Fig, 4, if D^io and A=4, 

is again a constant maximum and d a variable less than D. 

d is plotted along the horizontal line against y which is plotted 

vertically. It wHl be seen that the minimum value of y is obtained 

when log. H =t. The number which has this logarithm is 271828, 

the base of the natural logarithms. 
To solve by the calculus we have 

,^ -va(iog. g-.) VM(i-iogg) 

^^^ (.iog.?f ^ (..og.;^/ 

For a minimum value we have 

■og" J = I. and therefore , = 271828 . . (lor) 



General Remarks on Maxima and Minima Values. 

In dealing with problems it is generally desirable to construct a 
curve such as Fig. 2, and not rely entirely on the calculus method. 
From the curve we are enabled to see not only the maximum or 
minimum point, but the relations between * and.^ (as in Fig. 2) for 
all the values in the graph. We sometimes learn, for example, that 
the values of x may vary very widely from the theoretical maximum 
or minimum value, whilst at the same time y changes very slowly, 
and this may have an important bearing on practicalproblems. 

21. Simple Harmonlo Motion and the Sine Function. — The 
simplest wave form of an alternating voltage or current is the 
sine wave, an example of which is shown in Fig. 5. In practice 
alternating voltage and current waves frequently differ considerably 
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from the sine wave form, but by Fourier's theorem it may be 
showti that any wave of a given form other than a sine wave may 
be expressed as the sum of a series of sine waves. Sine functions 
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are extensively used in alternating current calculations, and are 
of great importance in the study of telephonic transmission. 
Some of the principal points in connection with them will, therefore, 
now be explained. If the radius OP in Fig. 5 rotates at a uniform 
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Speed in an anti-clockwise direction, commencing in the horizontal 
position OA, the vertical line ON, which is the projection of OP on 
the vertical .diameter of the circle, will increase m length as OP 
rotates from OA until it arrives in the vertical position, when 
OP =0N. If OP rotates with a uniform velocity the increase of 
ON in a given small interval of time will differ considerably with 
its position, being much greater when OP is near OA than when it 
is near the vertical position. As OP moves through the second 
quadrant of the circle the apparent motion of N along the vertical 
diameter will be exactly reversed as compared with its motion in 
the first quadrant of the circle. As the radius rotates through the 
lower hall of the circle the projection of OP on the lower half of 
the vertical diameter of the circle will be an exact repetition of the 
movement along ON in the upper part of the circle, but reversed 
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in direction, until finally OP completes its movement through the 
fourth quadrant and arrives at the starting point OA. 

The apparent motion of N along the diameter with varying 
speed, due to the uniform motion of OP, is called Simple Harmonic 
Motion, and the length of ON at any instant is the sine of the angle 
od through which OP has revolved from OA, at the instant when 

ON 
ON is measured, if the length OP is i. In any case sin <at =7yp 

whatever be the lengths of ON and OP. Let a line AB now be 
drawn at right angles to the vertical diameter of the circle, as a 
continuation of the horizontal diameter, and divided into equal 
parts such that the total parts represent the time taken by OP to 
make one revolution. If now a small dot or circle be plotted over 
each of the eq^ual intervals of time shown on the horizontal line 
commencing with i, the height of the dot or circle being equal to ■ 
the length of ON, the projection of OP at that instant, t.e. to the 
sine of the angle swept through by OP and measured at the instant 
shown on the axis of time, then a curve drawn as shown through 
all the small plotted circles is a sine curve. If the intensity of an 
electric current varies at equal intervals of time in such a manner 
that the instantaneous values-of the current when plotted give a 
curve such as that shown in Fig. 5, the current follows the sine law. 



itizecy Google 



i8 TELEPHONIC TRANSMISSION 

and the same remark may apply to voltages impressed on an 
alternating current circuit, 

22. Angular Velocity. — If the line OP in Fig. 5 makes one revo- 
lution per second it has an angular velocity of 2w radians, or 360 
degrees per second, the radian is the usual angular imit, and the 
second the unit of time. If OP revolves / times per second, it has 
evidently an angular velocity of 2irf radians per second, and in 
t seconds it revolves through 2itft radians. At the instant t the 
sine of the angle will be y, and 

y=w\wt {102) 

where w=2ir times the frequency=the angular velocity in radians 
per second. 

23. Amplitude, — ^The maximum value of ON, Fig. 5, is the 
maximum amplitude of the curve, and in (102) this is the maximum 
value of the sine which equals i. The amplitude may, however, 
have any value ; if this value be a (102) becomes 

y^a sin wt (103) 

The effect of this is that every ordinate in the sine curve in 
Fig. 5 is multiplied by a, seeing that the maximum ordinate was 
previously i. 

24. Pnssfl, Lag and Lead. — Suppose that the sine curve, instead 
of starting from the end of 
the horizontal line, where it 
represents sin at the com- 
mencement, begins at a point 
where it represents sin ^ (see 
Fig. 6), where ^ is an angle 
I^ging behind O, then as OP 
(Fig. 5) revolves, the sine 
curve will have exactly the 
same form as before, since 
the circular motion, and 
therefore its proiection ON, 
will still pass through the 
same cycle, the reauired value 
y of the sine of the angle at 
any instant t, however, is now 

y = a sin {wt — ^) . (104) 

Fig. 6. i.e. the sine of an angle lagg- 

ing behind wt by >f> degrees. 
In Fig. 5 a sine curve is shown which lags by ^°. 

The equation for the sine of an angle leadmg the angle wt by ^ 
degrees is 

y=asm{wt + ^) . . . . {105) 

25. The Cosine Fnnetion. — A simple harmonic or periodic motion 
may also be represented by a cosine formula, for as OP revolves 
(Fig. 5) its projection OM on the horizontal diameter of the circle 
(where OP = i) at any instant is the cosine of the angle through 
which OP has revolved i^ter startmg from the vertical position. 
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26. The Equation of Simple Harmonic HoUon. — If Equation (105) 
is differentiated with respect to the time, we obtain 

-^ = uia cos (wt + ^) . . . . (106) 

differentiating a second time we have 

- w^a sin {wi + 'fr) . . . (107) 

Substitute y for a sin [wt + ^) from {105) and we obtain 

§^=— ^ (loS) , 

If any equation of this type is met with it will be recognized 
as an equation of the harmonic type. It should be noted that w 
is a constant and y a variable. 

27. Length and Time in Sine Functions, — In Fig. 5 the time t is 
represented by equal distances along the axis, and these equal 
distances correspond to equal angles measured round the circle 
when OP revolves at a uniform speed ; the sine of the angle is in 
fact a function of the time and of the distance along AB. 

If y represents an alternating current of sine form which is 

Eropagated along a transmission Ime as shown in Fig. 7, the relation 
etween the time and the distance may be seen for the particular 
case which has been calculated. If in such an instance the angle 
revolved through by the current per unit length is a, then at a 
distance of I nnJes from the sending end of the circuit the angle is 
al, and the sine of the angle represented by the large curve is 

y = sin. al^ 5m wt -. . . , (109) 

In Equation (105) the angle al may be substituted for wi. In the 
case of (109) the angle ^ has been neglected for simplicity of illus- 
tration. 

28. Wave Lengtli and Wave Length Constant. — It will be seen 
from Fig, 7 that a complete period is shown between the points 
and 4 on the time axis, and that the point 4 is at a distance of 
236 miles from the transmitter. A complete period is equal to 
Zjx radians and the complete cycle has been revolved through m 
236 miles ; the change jiex mile is therefore — -z=0'0266 radian. 
The amount by which the angle changes per mUe is called the wave 
length constant. If tliis be called a, then the connection between 
the wave length / the angle a and zir is 

f-f (no) 

o Fig. 7. Sin 
instant / we have 



Referring again to Fig. 7. Since 3ij5ro=7^5 second is the time of 
one period we have evidently 750 cycles per second, and at any 



>' = sin2n X75oi=sin 0/ . . . (iii) 
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As an illustration of the connection between time and length, 
take the value of y at the point i6 on the axis of time, 940 miles 
from the sending end. We have 

(«) y = sin2ir X750 X35So=sin2ir X4=sin 25-1 

i.e. the wave has revolved through four complete cycles, and as the 
same values of the sine recur in each cycle, this is the same as 2« 

ATTENUATION OF SINE CURRENT CURVE 
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FiG. 7. 

or 628 radians, and is further the same as sin o, therefore y in this 

case = o, 

(6) 3' = sin a/ = sino'0266 xg40 = sin25 . (112) 

which is practically the same value as given by case [a), but ex- 
pressed in terms of the angle a and the length / instead of in terms 
of frequency and time, 

29. Attenuation ot the Sine Wave.— Fig. 7 represents a case in 
which the sine wave is subject to a continual attenuation according 
to the exponential law, and the attenuated sine wave is shown in 
dotted lines. The curve connecting the maxima values of the 
sine wave shows the attenuation of the current at any length on 
the hne ; this value may be calculated by the equation 

y = looe-p' (113) 

If the maximum amphtude of the current at the sending end be 
represented by 100, and if the attenuation constant ^ = 000395, then 
y gives the maximum amplitude of the wave at any point /. If 
phase be included in the calculation, we have 

y == iooe-'»>395' sin 0-0266/ 
The law governing such cases may be expressed in general terms thus 
y = ke-^ sin {al -\- ^) .... (114) 
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This may be written in the form 

V = e-P'{b cos td + a sinaTj . . . (115) 
as will now be proved. 

Referring to Fig. 1, where A=Vi^+6*. we have a=A cos ^, and 
J=A sin ^. Substitute these values in (115) and we obtain 

y = 6-^{A sin ^ cos a/ + A cos ^ sin a/) - 
= Ae-Pi sin {<d + ^} 

which is the same as (114). 

From this it is clear that if the values of a and 6 are suitably 

chosen (114) = {115). In this case A = V"* + 6*. and tan ^ = - 

If the angle lags we have 

y=Ar-fsin(al~4,) .... (116) 

If a = A cos ^ and 6 = — A sin ^, this becomes 

y = e~f(A sin al cos ^ — A sin ^ cos a/) 

or y= Ac-P* sin (a/ — ^) 

So that both {114) and {116) may be expressed in the general form 
of equation (115). 

Any equation of the fonn 

:y=Ae"+Be-Jfl (117) 

may also be expressed in the form of Equation (115), as will now be 
^own. 

Equation (117) is the sum of Equations f?) and (8) with the 
coeffiaents changed. In order to make {117) as general as possible, 
let A and B be vectors such that A ^ Aj -{-jAi and B = B +jBx> 
then from (7) and (8) we may write 

^=a+>6=(Ai+yA8}(cose+;sin9)+(Bi+;'B8)(cos*-ysin9} (il8) 
Equating the real and imaginary parts of (118), we have 

ii = (Ai+Bi) cosfl — (A( — Bji).sin fl . . (119) 
6 = (Aa + Bj) cos 9 + (A^ - B,) sin e . . (120) 

As the coefficients in both these equations are not restricted as 
regards value, each of them may be wntten in the form of Equation 
("5). 

SO. Distinction between Transient Voltages and Car;ents, and 
those which have attained the Steady State. — Equations (117), (nS). 
etc., relate to harmonic voltages and currents, as already stipulated. 
When, however, an harmonic alternating current starts in a circuit 
it is usually accompanied at the commencement by a transient 
wave which dies away exponentially and quicker than the harmonic 
current. It is generally assumed that this transient stage in 
telephony is so short as to be negligible (see Chap. V.), and that the 
speech currents attain the steady harmonic state. The transient 
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stage is therefore not taken into account in the foregoing investiga- 
tion. It is dealt with in Prof. Beit's " Electrical Engineering," 
diap. ix. (McGraw Hill Book Co., 1916). See also Malcolm's 
" Theory of the Submarine Telegraph and Telephone Cable," chap. 
viii., The Electrician Co,, 1Q17, etc. 

SI. Titles of Tables of Hyperbolic Functions. — Transmission 
calculations are very much facilitated by the use of tables of hyper- 
bolic functions, and the following will be found extensive and 
reliable : — 

(a) "Smithsonian Mathematical Tables," "Hyperbolic Func- 
tions," prepared by George F, Becker and C, E. Van Orstrand. 
These tables are publishea by the Smithsonian Institution, City of 
Washington. 

(6) Tables of Complex Hyperbolic and Circular Functions," 
together with the accompanjdng " Chart Atlas of Complex Hyi>er- 
bohc and Circular Functions," by A, E. Kennelly, ScD., A.M., 
Harvard University Press. 
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CHAPTER II 

THE INFINITE LINE—DIRECT CURRENT CASE 

32. GeneTal Remarks. — ^The study of Telephonic Transmission is 
the study of the phenomena associated with the telephone speaking 
circuit, and more particularly_ of that part of it which deals with 
the propagation of the electric currents generated by the human 
voice. The electric currents generated by speech are alternating 
currents ; the laws governing their propagation are, however, 
exactly the same as those for direct currents, and on account of the 
relatively simple character of the latter, there is a great advantage 
in first applying the laws 'of transmission to the direct current case. 
Such a study has, moreover, a direct and important application. 
All the formulce so developed are suitable for application to over- 
bead telegraph hues, and, indeed, to any lines having uniformly 
distributed resistance and leakance, in cases where tne currents 
have attained the steady state. This applies, for example, to such 
commonplace operations as the measurement of the conductor and 
insulation resistance of long lines having uniformly distributed 
leakance and resistance. At present approximate formulffi are 
often applied to telegraph hnes in such cases, and in certain instances 
these formulae are far from having the accuracy of .those here 
developed. The chapters relating to direct current transmission 
have, therefore, a special value for telegraph engineers, in addition 
to the fact that the methods here developed provide the simplest 
possible introduction to the subject of Telephonic Transmission. 

The formulae for the infinite line are, generally speaking, less 
compUcated and more easily understood than those for finite lines, 
and as may be expected, all formulae for finite lines reduce to those 
for infinite ones if the circuit is of sufficient electrical length. From 
this point of view the infinite line case is only a limitmg one for 
the more general case coming under the heading of finite Imes, In 
practical telephonic transmission, however, the conception of the 
mfinite line is much used and is of great importance. . This is not 
merely because many chains of telephonic circuits are sufficiently 
long to approximate to infinite line conditions, but also because in 
the interpretation of 'the effects of reflection considerable use is 
made of the conception of the infinite Une, as will be seen later (see 
Chap. VII.). 

83. Formute toi Current and Volts in the Infinite Line. — The 
general mathematical law relating to such circuits is proved in 
Appendix I., and in a more elementary manner in Appendix II., 
and the subject is here further developed. Generally speaking, 
very long mathematical proofs in this boot are given in appendixes. 
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and it is assumed that the relative appendix has been read. It 
follows from the appendixes named that the infinite Une is a circuit 
in which the volts transmitted over the line continually meet an 
unvarying resistance (Eq) called the characteristic resistance, and 
at the same time the current in the circuit is subject to a continuous 
and uniform leakance. The residt of these combined actions is 
that both the volts and the resulting current are continuoudy 
attenuated as they progress along the hne, and their ampUtude is 
reduced in each case m accordance with the compound interest 
law (see Fig. 7, Chap. I.). When this law is fulfilled the volts Ej 
and the current l^ at any point I on the line, are expressed by the 
following equations (see App. I. and II. for proofs) : — 

E2 = Ei(i-T' = Eie-' . . . . . (i) 

''=1'-" (^) 

whence ^ = e->' {3) 

and " J?=e-W . . .- (4) 

Ei is the impressed voltage and Ii the current at the sending 
end of the line, also yl = 0. 

84. The Attennation Constant and Charaeterlstie Reslstanee. — In 
the continuous current case there is no difierence between the 
propagation constant y and the attenuation constant j9, and the 
symbol y is retained for the attenuation constant. We have by 
Appendix I. — 

r = VRG (5) 

This formula gives the attenuation constant of a circuit having 
unifonnly distributed resistance and leakance. 

The characteristic resistance in the direct current case is, by 
Appendix I. — 



Ro=Vg (6) 



' G 

S6. Relation between y, R*. R and 0. — When the attenuation 
constant and characteristic impedance are known, R and G may 
readily be deduced from them as follows : — 

yxRo = VRBx^| = VR* = R • ■ (7) 



VHg 



V! 



_ v'G2=G .... (8) 
E 



The law which finds its mathematical expression in (i) and (2) 

is of fundamental importance, as by its aid a lai^e number of other 
useful transmission formula: may be derived, and its proper inter- 
pretation affords an explanation of some of the most important 
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phenomena of transmission, y and Rn are constants which enter 
largely into transmission formula:, and they are sometimes called 
the characteristic constants of the line, R and G being the secondary 
constants. 

. 36. Approxlmstions to the lollnlte Line Condition. — As explained 
in Appendix II., however, an infinite line taken in the Uteral sense 
does not exist ; but a line with uniformly distributed constants, and 
of any length, fulfils the same law, if the receiving end of the line 
is clewed through a resistance Rq the same as that of the character- 
istic resistance of the line. 

Any electrically long circuit, however, fulfils approximately the 

condition 2-^ — = I8 (see Chap, III., Fig. 15, and remarks on that 

figure) when short-circuited at the receiving end of the line. If any 
two circuits are sufficiently long, therefore, their comparative value 

is approximately as follows : — 



It will be convenient to call such circuits " semi-infinite circuits." 
In these equations let y and / be the attenuation constant and 
length of one circuit and y, and /g the attenuation constant and . 
length of the other. Ro and R'q are the corresponding character- 
istic resistances. If the circuit lengths are such that tne received 
currents are equal, we have approximately 



whence =_=^_ (10) 

Now if the two lines be extended to an infinite length their 
comparative value would be the same as that given by this equation, 
as will be seen by comparison with (z). It therefore follows that 
the comparison of two sufficiently long circuits leads to the same 
result whether the lines be infinite lines or not. Considerable use 
is made of this fact in standard cable measurements, as will be seen 
in Chap. XI. For sach measurements circuits having a ^ less 
than I are often sufficiently long (see Chap. VII. under " Long and 
Short Transmission Lines ). 

For purposes of machine measurements a Une may be said to be 
electrically long if it has a value of yl — 2. If the line is increased 
in length beyond this the approximation to an infinite line con- 
tinually becomes closer ; but unless the circuit is dosed through a 
resistance Rq or is indefinitely long, the received current never 
exactly agrees with that at the same point in an infinite line. By 
making the line sufficiently long, however, the difference in the two 
cases made be made as small as we please (see Fig, 15, Chap. III,). 

37. Relative BSeet of y and B« on the Reeelved Cnrrent. — If 
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apparatus is added at the sending end of the line the voltage 
impressed on the infinite line will be reduced, and the equation 
connecting volts and received current may be written 

.• ■ ■ (ij) ■ 

It is sometimes convenient to express Rq and other impedances 
or resistances in the exponential form. In such a case let Eq = *'. 
then (2) may be written 

^e-yt = Eie-f x e-t' = Eie-iy + i] =Ig . (12) 

From this it may be seen that if q is relatively large in comparison 
with yl, then the magnitude of q wiD largely affect the magnitude of 
the received current Ij ; on the other nand, if q is very small in 
comparison with yl, the effect of q on the received current will be 
small ; this is more likely to be the case in an electrically long line, 
since the longer the line the greater will be the value of yl. 

If the leatance G is large and the resistance R. small the effect 
of Rq will be relatively small and vice versa. 

88. Comparison 01 the Transmission Bffleleney of two Inflnite 
Circuits.— If two circuits have the same characteristic resistance Rp, 
but have propagation constants of different value y and yi, and if 
the lengths along the infinite line are / and /. respectively (or if the 
circuits have the total lengths i and l^ and are each closed by a 
resistance Rq), the lengths oeing such that equal received currents 
I2 are observed, then the relations between y, yi and /, ly are 



^_i- 



{13} 



This may be proved as follows for equal received currents in 
the two cases stipulated. 
From {2) we nave 

case (a) • ij*"'' = ?!- (^4) 

case (6) ^^e~yA = l^ {15) 

whence e—i' = e-yi'i (16) 

and yl = Yilt that is -f = — . (17) 

i yi 

which is the same as (13). 

This result may be defined thus — 

The relative transmission efficiency of any two infinite circuits 
having the same characteristic impedance, is measured by the 
relative lengtl^ of the two circuits through which equal currents 
are receive<rwith equal values of impressed voltage. In such a case 
the relative transmission efficiency of the two circuits varies in- 
versely as their attenuation constants. 

If the values of Rq are not the same in the two circuits to be 
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compared, we have, for equal received currents, if Rq, y, I and yi 
remain unaltered, and l^ is varied to meet the altered vihie R'o,— - 

whence • , R^-'^^ ('«) 

If Ro = ff* and R'o = e»i, we get 

<j-!T'+*)=e-tTA + J.) whence yl + g^yik+'/i. (19) 

The length of circuit required to give equal transmission is now 
I2 and is evidently not the same as in (13). (13) and {18) have an 
important application in standard cable measurements. 

It is evident from the foregoing considerations that the character- 
istic impedance must be carefully taken into account in dealing with 
the relative and absolute transmission efficiency of circuits. 

89. Power In the Infinite Line. — An inspection of (i) and {2) 
shows that both volts and current are attenuated in accordance 
with the same law. To find the power P at any point on the line, 
we have 

P = Eie-T* X ii f-n 

that is P=^6-8y' = ^e-z'' .... {20) 

where yl = 6. 

The power at the sending end is therefore „^- , and it is attenuated 
Ko 
as it progresses along the infinite line directly as the square of the 
attenuation factor e~*. The amount of the attenuation for a 
given length / depends on the value of y = -v/KG. 

The losses due to both R and G are energy losses, and they can 
only be reduced by decreasing the values of R or G, or both. It is 
evident that energy is lost by the fact that a portion of it is spent 
in heating the conductor, and this part varies as the square of the 
current. In the case of G, this symbol gives the magnitude of a 
direct loss of current to earth, which mvoTves a loss of energy. An 
analysis of the formulEE will show that a reduction in R decreases 
both the attenuation constant and the characteristic impedance, 
whereas a reduction of G decreases y and increases Ro. 

40. Comparison of the Relative Power In Two InDnlte Clreoits, — 
If two circuits have the same voltage Ej impressed upon them, 
and have the same characteristic impedance Rq, but have attenua- 
tion constants of different values y and yi. and' further, if the lengths 
of the two circuits I and l^ are such as to give equal attenuation 
lengths, as in {13}, then . 
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Proof. — ^From (i) and (2) we have the comparative power P 
id Pi; we then omain 



= Fi 

^=k- ■ ■. ■ • <-) 

But for equal attenuation lengths (attenuation constant xlength) 
we have 

e-ii = e-yJi 
and therefore c-^rA = e-^ 
and therefore in {21) P = Pi {22) 

It follows that if f=— . which is the result given in {13), then the 

comparative transmission efficiency is the same for volts, current, or 
power in this case. 

If the characteristic resistances are not equal, then if the symbols 
y/. Ra, R'o and yi are the same as before and ^3 be varied to obtain 
equaUty of enei^, we have 

_R'oe-=T' 

If Ro =^* and R'o = e«i (23) becomes 
P e-«hi+i) 



(23) 



(24) 



^"P^e-ifirA + fti- ■ 

Whence 2y/ H;- j = 2^1/3 .+ ?i, since P is the same in each case. 

A comparison with (10) will show that in this case the compara- 
tive power at the receivmg end of a semi-infinite line is not the same 
as the comparative attenuation length of the volts and of the 
current taken separately. 

If apparatus is added to the circuit all the results given are 
modified : this branch of the subject is, however, more conveniently 
dealt with at a later stage {Chaps. VI. and VII.). 

The following examples have been worked out to illustrate the 
formula already developed. 

Example i. — A circuit of infinite length has a resistance of 
25'i4 ohms per mile loop and a leakance of lo-* mhos wire tt» wire 
per mile loop. If 10 volts is appUed to the sending end of the circuit , 

I. The propagation constant y. 
II. The characteristic resistance R^. 

III. The length of circuit I and the ' received current Ij when 
{«) yl = I, and (6) yl=2. 
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I. From (5) y = VRg 

= V'25'I4'X 10- ■* 
- = 5014 X 10- 3 hyps, per mile loop 

II. From (6) Ro - *^^ 

=^2514 X 10' = 5014 ohms 

III. (a) If yl = I, then from Ex. i, I = -^r- = I99'44 miles. 

5014 
And by substitution in (2) 



(6) If 7/ = 2, then / = lAi^ == -508-88 mUes ; 

and Ij = - — =02699 '^ 10-3 amps. 

Example 2. — In order to show the effect of the characteristic 
resistance in infinite lines, tabulate similar details for a conductor 
having a loop resistance of 44 ohms per mile, and for one having 
a loop resistance of ii'73 ohms per mile, the leakance in each case 
being 10^' mhos per mile. 

The results are given in Table I. 



per mile loop. 


€= 


oS. 


Lcngtb of dicalt 
I miles when 


Received cnmnl 
I, mlUi-Miipt when 


!.<*=». 


Gml™. 


f-« 


V*-. 


^l.^ 


y-» 


4400 

,"73 


10- • 


■006633 
■005014 
■003425 


6633 

5014 
3425 


150-76 
199-44 
291-98 


301-51 

398-88 
58396 


0-5546 

0-7337 
10741 


•2040 
■3699 
■3951 



An inspection of the table will show that equal currents are not 
received when yl = yi^i, as would be the case if the corresponding 
characteristic resistances were equal: see (17}. In sudi a case^^ 
the received currents under the heading y/ = i would be equal, and 
this remark would also apply to the currents under the heading 
yl=z. Such is, however, far from being the ca^e, and the difference 
IS entirely due to the differences in the corresponding characteristic 
resistances. 

It should be noted that if any two infinite circuits, which are 
to be compared, have the same leaJ^ance G, then 
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CHAPTER HI 

THE EQUIVALENT CIRCUIT, DIRECT CURRENT CASE 

41. Introduetory Remarks. — The term " Equivalent Circuit " is here 
used to describe an artificial circuit which is equivalent for all 
electrical operations at one frequency, conducted from its two ends, 
to a real circuit having uniformly distributed electrical constants. 
In the alternating current case it is necessary in most instances to 
use resistance, capacity, and inductance to correctly make up an 
equivalent circuit, which at a given definite frequency is equivalent 
to a uniform transmission line ; but in the direct current case the 
equivalent circuit only requires a combination of three resistances 
to correctly represent a uniform line, having distributed resistance 
and leakance. This case will now be dealt with. Artificial circuits 
having the properties here outlined are dealt with by Dr. Breisig 
(*' Theoretische Telegraphie," p. 317). and very extensively by 
Dr. KenneUy in "The Apphcation of Hyperbohc Functions to 
Electrical Engineering Problems," and by others. Generally 
speaMng it will be convenient to represent such circuits as single 
wire circuits, seeing that their study leads to the same results and 
formula as double wire circuits. This is a well recognized method, 
and one which gives correct results, and is, moreover, simpler for 
purposes of study than the double wire circuit. Equivalent circuits 
made up of three resistances are of two kinds, viz. {«) the T or 
stax circuit as shown in Fig. 9, and (6) the n (Pi) or delta circuit 
as shown in Fig. 20. A double wire circuit is represented in Fig. 11. 
This is sometimra known as an H circuit, and sometimes as an I 
circuit. The uniform circuit corresponding to the equivalent 
circuits is shown in Fig. 8. This real circmt has a propagation 

constant y=v'KG. and a characteristic resistance Zo=a/ p^. (The 

symbol Zq will be used for the characteristic resistance henceforth 
for convenience and in anticipation of the alternating current case.) 
We also have yl=6 the hyperbolic angle of the line. It is proved 
in an elementajy manner in Appendixes III. and IV. that the 
equivalent circmt described may consist either of a T or a n 
circuit, and some simple relations between these circuits are given 
at the end of this chapter. It will be convenient to use the T 
circuit for our immediate purpose— 

For comparison with the equivalent circuit, the nominal circuit 
is shown in Fig. 10. This circiiit is obtained by taking the total 
resistance Rl of the uniform circuit, as shown, and placing a leak 
containing the total circuit leakance G/ at its centre. By com- 
parison with Fig. q the error of lumping as in Fig. 10 in any given 
case may be found. 
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The equivalent ciraait, as is well known, offers an excellent 
means of explaining the action of lumped loading and artificial 
circuits, and for that reason ' 

alone its inclusion in a work <- jRGxi ■ T !■ 
of this land would be desir- 
able. It will, however, now 
be demonstrated that the ■ 
equivalent T circuit offers a 
relatively simple means of 
developing a number of im- qi 

portant transmission formulae . t-. o .. ■* i- 
Sating to uniform circuits. ^•'- S—Umfoim Uae. 

The method of developing 
the required formd* is as R;^Zotanh(|) Rz'Zo lanh (?) 
follows. Since R,= Z„tanh' * I 



and R,= J^„ 
* Slnh 



Rl and Rg 



I _ 

Gi 



Fig, 9. — The equivalent T circuit. 



BI = ; 



^ 



being independent components 
of tne T circuit (Appendix 
III.), any combination what- 
ever of Ri and R2 (such as 
the sum, tne product, or the 
square of these numbers, for 
example) will be equal to 
some corresponding combina- ■ 

tion of ■ Zq tanh - and .^ . • 
" 2 sinh 

It is proved in Appendix III. 
that although Ri and Rg are 
components of anartificialhne, 
the nyperbolic functions here 
^ven are the corresponding 
values applying to a real imuorra transmission line. 



z.(|) 



ri 6 
Gl = — 



—The nominal T ci 



A line » 



Rj-^ tanh 



A 



B line 



R2 = ¥t3nh I 



SinhO 



= ^ tanh f Rj=^tanh| 

J. — The eqwivalent H circuit. 
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It follows, therefore, tliat a number of eq^uations may be written 
in terms of Rj and R^ (by the aid of the eqmvalent T diagram), and 
it can be shown that the equivalent form of the equations in hyper- 
bohc functions, which holds good for the real line can be arrived at 
by means of these equations without difficulty, and that in all cases 
the formulae so obtained are the same as those developed by the 
usual method in Appendix I. for the uiliform circuit. The fact 
that a ^ven formula is expressed as a simple explosion according 
to Ohni^ law on the one hand, and in hyperboUc functions on the 
other hand, affords a concrete example of the meaning of the 
hyperbolic function, and the examples at the same time d^onstrate 
the utility and advant^e of the latter. In the process of deriving 
these formulae it will be advantageous to refer to the following 
list. 

BqnlTalent Formula foe Reterenea. — 

j) = Zotanh*. . . . (I) 

^ — ^ l2\ 

{e'' + i)(e'>-i) sinhtf ■ • ■ ^' 

Rb2 + 2RiR3=V .... (3) 
Ri + Rj = Zo coth fl . . . {4) 

The first three equations have already been proved in Appendix 
III., the proof of the fourth is as follows : — 

If we write a for e* we have 



Ri+Ri = 




= Zq coth 9 



r«)> 



In order to show how formula (i) to {4) may be utilized in the 
development of transmission formulce we will now apply them to 
the formation of some well-known mathematical expressions in 
connection with finite transmission lines, thus — 
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42, To And the Sending-End Resistance of a Traiuinlssioil Line 
ol any Lenrth Open at Ibe RscelTing End. — The diagram of the 
equivalent T circuit is 

shown in Fig. 12. By ' R R 

inspection of the figure ^, 1 1 1 1 ^ . dis 

the sending-en4 resist- ' I ' 

ance of the equivalent 
circuit is Rj + Kg, since 
Ri is the only leiuc, and 
therefore by (4) the 

equivalent value in Pi^, ^^ 

-hyperbolic functions is 
immediately obtained, for 

Z = Ri + R2 = Zo coth e . . . , (5) 

The relations between R( -f Rj and Zq coth 6 were investigated 
in para. 41. Equation (4) is, however, placed in the general list 
given in para. 41 because it is frequency applied later. 

43. Sendlng-End Resistance ot a Transmission Line of any 
Length elosed at the Reoetv- 
ing End.— Fig. 13 shows the 

, equivalent T circuit 

The total resistance of 
this circuit from the sending 
end El is by inspection 

FiG. 13. K1+K2 

After clearing of fractions 
the rearranged expression may be equated to an equivalent ex- 
pression in hyperbolic functions by the aid of (3) and (4), thus — 

^1- R,+R, Zocotfe-^"*^"'' ^ ■ *^* 



44. To prove that Vz x Zi = Zg. — Multiplying the left-hand side 
of (5) by the left-hand side of (6), we have— 

Z X Zi - {Ri -K R,)(^^si^ = {2R1R2 + Ra^) =Zo2 (by 3) 

Whence \/ZZi=2o (7) 

Zq is the resistance of an infinite Une. 

The hyperbolic functions might have been applied directly to 

Srove the formula in this case, but the resistances are utilized to 
lustrate the method. 
Equations (5) to {7) give expressions for the resistance at the 
sending end of a transmission line without apparatus. In order to 
obtain the current at the sending end in such a case it is only 
necessary to remember that 7=1 and proceed as follows :— 
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45. Current at the Sendinc End In i TransmluloB Line ot any 
L«nKth open at the Reeetvlnf End. — We have~ by (5), which gives 
the value of Z, 

46. Current at the Sending End In a TransmlHlon Line ot any 
Length eloied at the Reeeivlng: End.— We have Ii = ^, whence 
from (6) 

I'i=zj5n-|°«"- ■ • ■ (9) 

The current at the sending end of an infinite line whose resist- 
ance isZn.is Ii =-rr' 

47. Current at the Reeelvinc End in a Transmleilon Line of anjr 
Length elosed at that End.— Fig. 13 applies in this case, which is 
more complicated than the preceding ones, owing to the fact that, 
as shown by (6), the sending-end resistance of the line changes as 6 
increases, and this has to be taken into account. Referring to 
Fig. 13, the current \x divides at the junction of Ri and R^, and the 
current Ig flowing through Rj to earth is Ii x „ .'p -- Substitute 
the value of Ii from {9), and we get 

Substitute the value of Ri and Ri + Ra from (2) and {4) in the 
equation, and we obtain 

Zo_ 
T Et coth e sinh 6 Ei „ *i, n >, Zq i 

^ — Z;— Z7SO -i; «">• s X ,_jj-^ X 2j^g5-, 

«"'''= ''-zjih-. <'<» 

If the transmission line in question had no leakance the current 
El 
'R' 

ohmic resistance of the circuit. In (lo) R is replaced by Zq sinh 6, 
and this is true for any length of line, so that Zq sinh in sucn a case 
may be regarded as the receiving-end resistance of a transmission 
line of any length. A conventional proof of this is as follows : — 

48. Resistanee at the Receiving End of a Finite Transmission 
Line closed at the Reoeiving End.— The ratio of the impressed volts 
at the sending end to the received current is called the " Receiving- 
end Resistance," hence we have ^ ~Z^. 

Whence by (lo) Zg = — |l — = Zq sinh 9 . . . (ii) 
Zg sinh 
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r In K Trkmmluioii Line of any Length. — 
This ratio is often very useful, and it is obtained as follows. By 
inspection of Fig. 13 the current at Ij is 

T — T Ri ■ ^— ^1 

By substitution from (2) and (4) this becdmes 

Ij sinh e I 

Ti ~~ Zq coth ^ cosh e 
If J is very great (12) becomes 



(12) 



which threes with (4) Chapter II. 

50. Voltsge of B Transmission Line at the Reoelvliv End when 
the Cirenit is open at that End.— By inspection of Fig. 12 the voltage 

at the end of the circuit B is the same as that at the iunction of Ri 
with R2 when the line is disconnected at B. The voltage therefore 
f^ from Ej to the point where Rj is earthed, and the drop in R^ 
and Ri is in direct proportion to their resistances. At the junction 

of Ri with Ra the voltage is Eg = g— Vr" 



By (iz) 



Ri"+ Ra cosh d 



51. Remarks on ths FormulGB derived for Finite Lines without 
Apparatus. — Formulae (5) to (13) are the usual expressions for the 
electrical conditions at the ends of circuits having uniformly dis- 
tributed constants, and they are the same as those proved in 
Appendix I. for tlie altematmg current case. By the aid of the 
equivalent circuit diagram the few cases examined have enabled 
us readily to arrive at the appropriate formulie expressed in hyper- 
bohc functions, but tliis point will be better appreciated when the 
complete chapter has been read. The advantages of expressing 
forrauls in terms of hyperbolic functions are, however, sufficiently 
evident at this sta§;e, but the following remarks may make the 
matter clearer. Although the equivalent circuit is of great use 
in enabling us to arrive at a correct fonnula expressed in terms 
of Ri^ and R^, yet the equivalent expression in hyperbolic functions 
permits of a wider interpretation than is possible from examination 
of the result expressed in terms of R^ and R2- Take for example 
Zi — Zq tanh 8 (6). From tliis we are enabled to easUy understand 
the law followed by a unifonn circuit of any length having a 
characteristic resistance Zg and a line angle 0. As an example, if 
a curve be constructed for tanh 6 between various limits, the way 
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1 2 3 

Fig. 14. 
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in which the circuit resistance varies between those limits is seen 
by inspection. Fig. 14 has in fact been constructed to show 
values of sinh 6, cosh fl and tanh B. It will be seen from the tanh 9 
curve that in the case of a line closed at the receiving end (the case 
shown by formula (6^), when the line angle fl is small the resistance 
increases rapidly with lei gth, but when the angle 6 approaches 2 
the resistance changes very slowly with variation of length, and 
soon bec<Mnes practically constant for any greater value of fl. The 
received current by (10) is inversely proportional to sinh fl, and 
therefore the variation of current with variation of fl may be 
deduced from the curve, and so on. These examples show the 
advantage of expressing transmission formulae in terms of hTOerbolic 
functions (see also para. 13, Chapter I.), especially as tables are 
available which reduce the work of calculation to a minimum (see 
the end of Chapter I. where the names of such tables are given). 

52. Heuuremenl of the ElsBlrical Constants of a 'I^nimlsslon 
Clrcnlt. — From the measurement of the open and closed impedances 
of a finite circuit the values of Zq. fl, R, and G may be obtained thus. 
When the measurements have been made, (5) and (6) are known, 
and Zo is obtained by the method shown in para. 44. Next divide 
(6) by Zo and we obtain tanh 6. From this by reference to a 
suitable table fl is found. If I is known we then have j = >•. Also 

by (8) Chapter II. ^ = G, and by (7) Chapter II. yZo = R (see also 

Chapter X.). 

63. Comparison ol tha Carrent at the ReeelvlDK End of a Trans- 
' mlsBioD Current of any Length, earthed or ehort-clronlted wlthont 
Apparatus, with the Current at the Same Point when the Same Line 
is 'extended IndeDnitely. — By (2) Chapter II. the current at any 
point / in an infinite line is 



I2 = -=ie-y (where vl = S) 
: current at the receiving < 



Also by (10) the current at the receiving end of a transmission 
line of any length is 



«-f-^') 



The relation between 9 and =^ is plotted as a curve in Fig. 15. 
The values of S are plotted as absciss* and ^ as ordinates, between 
the limits fl= 02 and 9= 4. The curve shows that for small values 
of 9 the value of -^ is lai^e, i.e. there is a great difference between 
the received current at a given point I on the line if the circuit is 
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I 2 3 

Fig. 15. 
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earthed, as compared with the current at the same point if the 
hne is indefinitely extended. When, however, 9 approaches 2 the 
rate of change becomes very small, and for values greater than 2 
the ratio -^ is practically constant. In the limit when B is veiy 
great calculation shows that y= = 2, i.e. the current at the receiving 

end of a long short-circuited line has always twice the value of the 
current at the same point on the infinite hne. If, however, two long 
finite lines are compared with each other, then since each has a 
value of current at the receiving end which is twice the magnitude 
of the current on the infinite line, at the same point, therefore the 
comparative value of the two currents {i.e. their ratio) is the same 
as if the two lines were extended to infinity. 

64. Resistante at the Sending End ot a Uniform Transmission Line 
of an^ Length, closed by a Betistanee Zn at the Reoelvlns End. — ^This 
and sunilar problems may be solved by an application of the method 
already applied in the case of lines without apparatus. In view 
of the fact that the transmission lines under investigation have 
generally apparatus at their ends, these problems are of great 
unportance. 

The equivalent circuit diagram is given in Fig. 16. 



y 



Za 



The resistance of the equivalent circuit from the junction of 

The sending end resistance from A is then by inspection of 
Fig. 16— 

, _„ I Ri(R, +Z<i) 

Rearranging we tiave 

7 _RiRi +Re' +R ,Z« + RiR,+ Ri Za 
• Ri + R,+Za 

By substitution from {3) and (4) we have 
Z _ (Rj' + zRiRj) + Zri(Ri + R,) Z„' + Zri(Zii coth «) 
' (Ri + Rj)+Z<i Z|,coth» + Z^^ 



Z _ Zo(Zosinh fl + Zitcosh g) 
^ Zq cosh + Za sinh 6 
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By (6). which is the case of a line without apparatus, we have 
Zi = Zo tanh $, and this may be written Zo|^|J^^-^l 

Now (15) is the same expression with Za cosh added to the 
numerator and Za sinh e to the denominator. If e is small Za cosh 8 
is much greater than Z(, sinh 6, and it follows that in the case of a 
line with a small angle 8 {generally short lines) the effect of apparatus 
added at the receiving end will be relatively greater than when 
8 is great, for in the latter case cosh 6 and sinh 8 gradually approach 
equality (see Fig. 14). In the limit when the line is mdennitely 
long and therefore 8 is great, (15) becomes approximately 

Now (6) also becomes equal to Zq when 8 is veiy great, so that 
in this theoretical case the impedance of the receiving apparatus 
would have no effect on the sending-end impedance. 

65. Ctinent at the Sending End of a Finite Transmission Line 
eloaed by a Resistance Za at the Reeeiving End. — Since 1^=^ 
we have by (15) 

, _Ei Zo^osh e + Za sin h 8 . ,. 

' Zo'Zosmhe + Zacosh fl ■ ' * '^°' 

56. Current at tbe Reeeiving End of a Transmission Line closed 
at that End hy a Resistance Za. — The equivalent circuit diagram 
is the same as Fig. 16. The current will divide at the junction of 
Ri with R2, and the portion passing through Za is 



Insert the value of Zj from para 54 and we obtain 

. Ei(Ri +Rg+Zg) Ri 

- "(Ra^ + 2R^2)+Zfl(Ri+R2) "^ (R, + R^ -f Za) 

By cancellation of the factor {Ri + Rg + Za) and substitution 
from (2), (3) and (4) we obtain 



^ Zo*+Za(iiocoth9) 

^^^^'^ ^^^ Zosinhfl+Zacoshfl " " ' <'?' 

67. ComparaUve Magnitude of Received Currents in a Long Line 
due to Variations in the Resistance ot the Receiving Apparatus.— 
If Za =2o the expression for the received current in the equivalent 
circuit and formula (17) become 
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I I|Ri _ El _ K,e'» 

' Ri + Rs+Zo Zo{sinhfl+coshfl) Zo 
[See (44) Chap. I.] 

^ t:= r.+r:+z. ='-- ■.-, • "«> 

This is true for any length of line so long as the circuit is closed by a 
resistance Zq (App. II., para. 5}. Substitute the value of Ri +Rs 
from (4} in tnis equation and we obtain 



Zo coth 9 + Zo 

When 6 is very large coth 8 has the value i. and we then get 
R, +Rs=Zoand 

"^ ~2Zo 
Construct the equivalent diagram for this case (Fig. 17}. In this 
= Ri becomes 2Zoe~*. 

Rz = Zq (Rz-Zq) ^^ Zo .■ 



case • . ? , = R. becomes 2Zoe *. 
smh 9 * ^ 



T 



R, = 2 z„ 



-e 






It is proved later in this chapter (para. 70) that when 8 is very 
large {say e=5) R^ in Fig. 17 is more than 70 times R^ in magnitude, 
approximately, therefore, in such a case Zq — Rg, and this is true 
whether the long line is closed by an apparatus having a resistance 
Zq or not. 

5S, To find the EOeet od the Reeelved Current at the End of Kn 
Indeflnitely Long Line, of Two Sets of Reeeivlng: Apparatus having 
Resistanees, Zq and Zn respeetlvely, taken One at a Time. — From 
the preceding remarks the received currents \^ and I'^ in the two 
cases are 



(*) I-! 



2Z„ 

IiRi 
Zo + Za 



Since Ra = Zq in eadi case the currents at the sending end will 
be equal, and therefore dividing (6) by (a), the current I'j in Za 
may be expressed thus — 

i-«=*fS:,; ('9) 
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The meaning of this is that if a loiig line of resistance Zp is closed 
by an instrument having a resistance Za, the current received in Za 
is _ _r^ times that received in an instrument having the same 

resistance as that of the line, and substituted for Za. The same 
result is arrivesJ at in Chapter VII. by the study of the effects of 
reflection. 

59. Reeelvln^End Beilitaaee In a Uniform Transmiiiion Line 
Dt any htngtb elosed by a Reiiitanee Za at the ReeelTing End. — 
The ratio of the impre^ed volts at the sending end to the received 
current is called the " receiving-end resistance." We have again, 
as in (ii), 

whence by (17) 

Zj = (Zo sinh $+Za cosh $) . . , {20) 

This is the required resistance. 

60. SendiDK-End Resistanee of a Trftnimlsslon Line of any Length 
eloied at eaeh End by % ResUtanw Za. — The equivalent circuit 
diagram is 



B Za 



7 — Za 4. "-a ■T' :i«.iK.2 T ^V« 
f-i— ^-r R. j.p._L7/ 



, Rg^ + 2RiR2 +Za{Ri±Ri) 
Ri + Ra + Za 
„*u 7 - ZaRi + ZaRa + Za^ + Kg ' + 2R iRi, + Za{Ri + Rg) 

Rearranging, and by substitution from (3) and (4), we obtain 

7 _ Za* + (RgM- 2RiRa) + 2Za{Ri + Rz) 
^^ " (Ri+kz)+Za 

^ Zfl^-I- Zo^ + 2Za{Zo cotM 

Zo coth e^Za 
= (Za* + Z pg) sinh fl + 2ZaZ, , cosh" 8 
Zo cosh fl -f Za sinh 6 

Zoj ^^^^ ^^ sinh e + 2Za cosh fl j 
^—^ Zo cosh fl + Za sinh B * ' '^^' 
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61. 8«nding-Eiid Current In a Transmission Line elosed by a 
Resistance Za at both ends of the Line. — As in {i6) we have 



whence I.-f' ; . A°f' +^'"'" s . i.^i) 

Z« 1(^:^2!+^:) si„h « + 2Z« cosh »j 

If the line is very long this reduces to 

62. Ree«i?ittf-End Current In a Transmission Une olosed at oaeh 
End by Eqnal Resistances. — ^The received current is (see Fig, i8) 



^Ri+Rg+Zfl 
:uting the value of 

i,=. 



Substituting the value of Ij = w* from para. 60 we liave 



- Ei(Ri+R,H-Z») ^ E, 

'■ia^+ (Ks« + 2K,Rs) + 2Z«(R, + Rj) '' R, + Rj + Z« 

By cancelling and substitution from (2), (3) and (4) we obtain 

E. .^ 

, ^ EiR, '•'smini 

' Z«!+(Rs! + 2KiR8) + 2Zo(R,+ Rs)~Z«' + Zo'+2Z<ji!oCoth» 



-^^ . • (23) 



( J" ) sinh « + 2Za cosh » 

If the line is very short sinh S is very small and cosh t approaches 
In the limit when 9=0 we have 



which is obvious, since there is then nothing in ciicuit but the 
appaicitus 2Z41 and the battery Ei. 

If the line is very long both sinh S and cosh S approximate to - 
and we obtain 



Z„ -2 
E, 



«'i Zg'+Za« + 2ZaZo ^ 
2V Z« I 

_ Ei «-'(2Z, ) _ E,e-:f ^ _J?a??_ 
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ltZa=Z(, this becomes 

If. however. Zn =Zo in (23). we also obtain 

Now (23) is true for a line of any length, whereas {25) is merely 
derived from the equation for a long line. The reason for the 
identical result in the two cases is simple : when a line is olosed by a 
resistance equal to its characteristic resistance it acts as an infinite 
line, no matter how long it may be. In such a case Z(,+Zu=2Zo 
as shown in (35) ; this is the sending-end impedance, as may be 
verified by putting Z^—Za in (21). The resistance of the receiving 
apparatus does not now appear in the equation. (See the remarks 
on the infinite line in AppendiTt II., 5.} 

68. BeeelvinK-End Reslatanee ot a TransmlsstoD Line of an; 
Length closed at each End by a Resistance Zo. — The process is the 
same as in previous cases. We have 

that is Zg = j tZ«^+V) sinh e + 2Za cosh $1 . . (26) 

If Zq = Zfl this becomes Z^ = 2Za (sinh + cosh B) = 2Zae'. or 

64. Sending-End Resistance ol a Transmission Une of kny 
Length olosed at the Sending End by a Resistanee Za, and at the 
Reeeivlng End by a Resistanee Zb. — The equivalent circuit diagram 
is shown in Fig. 19. 



E., 



. Za A R2 Ra B ..Z^.. 



It is evident from the method adopted in dealing with the 
preceding examples that the resistance from A is 

Rearranging and by substitution from {3) and (4) we obtain 
, _ ZaZi + (R,g + 2R1RJ + (Za + Zb)(Ri + R; ) 
' (fiT+R,)+Z6 

_ ZaZb + Z„' + (Za + 2b]Z„ coth » 

Zocotlis+Zi .... (27) 
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Multiplying numerator and denominator by sinli 8 and simpli- 
fying we nave 

zJ('^:^+^'\ sinh fl + (Za + ZA) cosh e\ 

^^= ^^ \Iu + ^sinU ^ (^«) 

65. Receiving-End Current in ft Trftnimlsslon Line closed ftt 
One End by a Resistance Zn and at the Reeelvlng End by a Resist- 
ance Z6. — The received current is by inspection of Fig. 19 

T - IiRi 

' Ri + Rj+Zft 

where Ij = =J 

Substitute Zj from the left-hand side of (27) and we obtain 

T Ei(R,+R,+Z6) Ri , , 

» (Z«Z*)-f{R22+2RiRg)-|-{Za-|-Z6)(Ri-KR2}''R,-|-R2+Z& * ^' 
By cancelling and substitution from (2), (3) and (4) we obtain 

El ^ 
I — -- - ^"^^ ^ 

* (ZaZ6) -I- Zo^ -H (^ -I- Z6)Zo coth 9 

Zo 

66. ReeeiTlng-End Beslstkhoe of a Transmission Line eiosed at 
One End by a Resistance Za, and at the Other End by a Reilstanee Z6. — 



We have -r^ = Zj, whence by {30) 



.j(2''^»+|')™''-» + (Z,.+Zi,)c<»h«| . (31) 

67. To And the Sendlng-End Current of ft Trftnsmlsslon Line 
eiosed at One End by a Resistance Za, and at the Other End by a 



Ii=E: 



^L f/ZaZA+Z 
VH\~Zo~ 



= Zi, whence by (28) 
cosh d-\-Zb sinh 6 



\ sinh 6 + {Za-ir Zb) cosh el\ 



6S. To show that the Received Current Is the Sftme In the Circuit 
depleted in Fig. 19 whether the Voltage B, is applied at the End Za 

or Zb. — The current I2 with the voltage applied at the end Za has 
already been found and the result is given m (29) and (30). 

If the voltage be applied at the end Zb the resistance measured 
from that point is by inspection of Fig. 19 

7 —7/. -LP J- Ri(R2 + Za) 
Z,-Zb + R^+ RY-+R^.pz^ 
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Rearranging we obtain 

7 _ ZaZb + (Rgii + 2R,Rg) + (Za + Zb){ Ri + Rg) 
' '(Ri + R2)+Z"a 

This is the sending-end resistance from Zfr, but it is not the same 
as {27), which is the sending-end resistance from Za. 

Tm received current is, however, by inspection of Fig. 19, 

I, - i i Ri 

^ Ri+Rg+Z« 
Substitute the value of the current from It='a^. We then have 

1 Ei(Ri + R8+Za) Ri 

^ ZaZb + (Rj* + 2R1R8) + (Za + Z6)(Ri + Rj) ^Rj+Ra+Za 

EiRi 

~ ZHzT+TRa" + 2RiR2)+(Za+Z&)(R, + Rj) 
This is the same as (20), which proves that in such a case equal 
currents are received at the distant end of the line when the same 
voltage is applied at either end irrespective of the relative resistance 
of the apparatus at the ends. 

The resistance at either end of the line may have any value 
whatever. Assuming Z6 to be o, it will be seen that the received 
current is the same with the same applied voltage at either end of 
the Une. The condition referred to is shown by Fig. 16. 

The same proposition may be proved for other combinations of 
lines and apparatus in series (see Chapter XIII.). 

69. Thg Equivalence of the T ana n Clrenlts and the relation of 
their Conatants. — In Appendixes III. and IV, it is proved that either 
a T or n circuit may be constructed, which is equivalent for opera- 
tions from the two ends to a real circuit. It will now be shown 
that when the constants of either the T or the n circuit have been 
found the constants of the other circuit may easily be deduced from 
them. Figs. 9 and 11 show the equivalent T circuit, and Figs. 20 
and 21 the equivalent 11 circuit. 



^'■ 



R4 = Zq Sinh e 

Rj = Zo Coth ( 



, COth(f) Q 



Fig. 20- 
If Figs. 9 and 20 represent the same uniform line, 1 
R8R8=Zo tanh | Zo coth - =Zo^ 
{from Appendixes III. and IV.), whence 
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Also . RiRj-j^jZoSinhS-V 

(see (5) App. III., and (21) App. IV.), whence 

"'-RT • ■ ■ ■ 

Since RgRj and RiRj each equal Zo* 

.. RiRj-R,R, and|l_|» . 

R.- I* Sinh9 



(34) 
(35) 




Z„ Cothf 





'<4-¥ 

Fig. 21. 


Sinh 


It can also be shown that 

R, = Z.tanh,«=Z.£2^ 
(See Chap. I. (54), and (5) App. III.) 


~i_ 


Divide by R, 


=sn^9^'^«'^«^* 


ain 


R,_R 


i Zo{cosh fl - I) , 


sinh 



sinh d 



R,{cosh 9 — 1). 



= cosh 9 — 1 (36) 



70. Oeduotlon from Equation (36). — When $ approaches o the 
value cosh 6 — i is extremely small, and in the limit when 6=0 

cosh 9—1=0, that is jy*=o, or in other words, Rj is incomparably 
small in comparison with Ri- As $ increases, the value of cosh ff— i 
increases until ^=1-317 when cosh fl— 1=1, and therefore R^^R^. 
For greater values ot 9, cosh 9— i is greater than i, and contmually 
increases; when 9=5, for example, cosh 9— 1=74'2. 

It is evident from the preceding remarks ana examples that Rj, 
which represents the value of half the equivalent T circuit, con- 
tinually increases in ratio with respect to Rj (or ^1 with increasing 

values of 9, until in a very long circuit (i.e. with a large value of 9) 
such as may exist in practice, Rj is more than 70 times R,. Apply- 
ing these remarks to the case of a real circuit with uniformly 
distributed leakance and resistance, it will be evident that when 
the line is short the conductor resistance is small and the insulation 
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resistance comparatively high; as the circuit increases in length 
the resistance of the conductor continually increases and the insula- 
tion resistance decreases, the combined effect in a long circuit is that 
the sending-end resistance becomes constant. (See Appendix I.) 

EXAMPLES ON CHAPTER III. 

No. I . A single wire Cu conductor having a resistance of 2514 ohms 
per mile- and a leakance of i micro-mho per mile, has a line ai^le 

$=i. Having given that Z(,= */p show that in the D.C. case — 

(a) Zo =- VR2(2Ri + Rj) 

(6) Z, = R2(3^ +M = Zn tanh 8. [See formula (6).) 

Ri +R2 

Now R =■- 2,vi4 ohms per mile 

and G = I X 10-* mhos per mile 

■ ■ ^0 = \/ll=S = 5014 X los = 5014 ohms 

(a) In the equivalent circuit for this line {see Fig. 13), and using 
formulx (i) and (2) 



= Zq tanh - = 5014 X tanh 05 = 2317 ohms 
= 42 66 5 ohms 



sinh $ sinh 1 ' 



also v'R2URi + Rj) = ^2317 X 10850 = 5014 ohms=Zo 

[See formula (3).] 

(b) Zq tanh $ = 3014 x tanh i = 3819 ohms 

R2(2RjJ^Rs) ^ 10850 X 2317 ^ 8 ^bms 
Ri + Rg 65835 ^ 

By verifying in this way that equations expressed in terms of 
ordinary resistance give the same result as hyperbolic functions, 
Jamiliarity with, and confidence in the latter will be obtained. 



No. 2. For a circuit havii^ the same constants as that given 
in Example No. i, construct the equivalent T and II circuits. 

See Figs. 9 and 20. For proofs see Appendixes III. and IV. 

The values of R^ and R^ have been calculated in the previous 
example, hence the equivalent T circuit is 

R2-Z3l7otuii3 R2-23I7 ohmt 



^ 
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From (33) "s - ^' - ^j^ - '"^So ot™ 

From (3,) R. - |l' _ |g! . 589. ohma 

The equivalent II circuit is shownJin^Fig. 23. 
R4 = SB92 oKms 



i=lKIB50ohins Ra'IH)! 



No. 3. A Cu conductor weighing 150 lbs. per ml. has an insulation 
resistance ol-o-j megohm per mile, and a line angle 9 = i. 

(a) Find the nominal insulation and resistance of the line (sometimes 
called the apparent insulation and resistance] if the total leakance 
(Gf) is lumped in the middle of the total resistance (Ki), and 

(6) Find the insulation and the conductor resistance (as measured 
at the sending end) if formulse (5) and (6) are used to determine the 
results.' 

(a) Now y = v'RG =\/ — ~ X 2 X 10-* = 003425 hyp. per ml, 

and y( =■ I 

■■■ ' " "^^5 = ^^'"^ "^- [^ (5). Chap. II.] 



1173 X 2919 



= 1712 ohms. Call this value * 



Therefore Nominal Insulation Resistance (see Fig. 2^, and Fig. 1 
with the remarks referring to it} 

= - +51 = 856 + 1712 =2568 ohms 
and Nominal Line Resistance (see Fig, 25) 



1+' 



(b) Insulation Resistance as measured at the sending ertd oi the 
Teal line (see Fig. z6) 

-Z(0Otli«[irom(5)] 

= 1712 X i'3t3a = 2Z48 ohms 
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^Line Resistance as measured at the sending end ol the real line 
(see Fig. 27) 

= Zo tanh [from (6)] 

= 1712 X 7616 = 1304 ohms 

To construct the equivalent circuit R^ and Rg must be calculated. 

Now Ri = ~.-^P—. = — — = 1457 ohms 

^ sinh e 11752 ^-" 

and Rg =Zq tanh- = 1712 x ■4621 = 791 ohms 



*IH 



^ ■= 856 ohms ^ - 856 okms ^., 

If = |17IZ ohms 



A 

35. 

1 



^ - 856 ohms ^« 856 ohms 

1712 ohms 



^hh^ 



Fio. 35. 
[^2 = 791 ohma Ra = 79lohm8 

R,=ll457ohm.s 

Fig. 36. 
791 ohms R2-791 ohms ^ 



R, ■=11457 ohms 



No, 4. (a) A single wire Cu conductor weighii^ 150 lbs. per ml. 
has a line angle fl=i and a leakance of 2 x 10-* mhos per mile. It is 
earthed direct at the receiving end. Find the length ot the line ; also 
the received current if 10 volts are applied to the sending end. 



itizecy Google 



THE EQUIVALENT CIRCUIT 51 

(6) At each end of this line similar apparatus of 400 ohms resist- 
ance is joined in series : 10 volts are applied at the sending end and the 
receiving end earthed. Find the received current. 

(e) What ia the length of the line without apparatus if the received 
current is the same as found in (fc), when 10 volts are applied at the 
sending end and the receiving end is earthed ? 

(a) From Example No. 3 (a), the length of the line is 291-98 mis. 
Zo = ^% = sj^~l-^^ = 17" 4 ohms 



(^fi-^-^ ) sinh fl + aZfl cosh 9 



( '"?7i.V ) ^ '-'"^ +*^ ^ "S^"^* 



iSoj'S X 11752 +"34"5 



2122-2 +1234-5 

= -002979 amps. 



33567 
.*. sinh 



IgZo -002979 X i7i2'4 
1-426 > 



_i^426^ =416 4 mis. 
003425 
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CHAPTER IV 



71. Introduetory Remarks. — The method here adopted of finding the 
effect of insetting lumped loads in a uniform transmission line in 
series or li^ is as follows. In the first instance, a T or 11 circuit 
which is equivalent to the unloaded uniform transmission line is 
calculated. Loads are next added to the equivalent T or n circuit, 
and the formulae for the modified equivalent loaded circuit is 
developed. This loaded equivalent T or 11 circuit is equivalent 
to some uniform transmission line, having electrical constants 
R, L, G, and C, which can be found. If the uuiform transmission 
line thus found is compared with the uniform unloaded transmission 
line the effect of loading may be seen. Dr. Kennelly has dealt 
extensively with this method in the book referred to in para. 41. 

Consider an equivalent T circuit such as that shown in Fig. 9. 
As already shown, this circuit can be made equivalent in the direct 
current case for all operations conducted from its two ends, to a 
uniform transmission line having a characteristic resistance Za 
and a line angle 6. It should be noticed that the proof of the T 
circuit in Appendix III. stipulates that the leak resistance Rj is 
independent of the conductor resistance Rg, This is evident if 
the physical circuit be considered. Take, for example, a conductor 
on a line of poles where the insulators have a given combined 
resistance per unit length of the line. If the resistance of the 
conductor is changed, and nothing else, we may assume the resist- 
ance of the leak to remain unchanged, if it is independent of the 
applied voltage. Suppose that the resistance of the conductor 
Ra changes whilst Ri, the equivalent resistance of the leak, and 
also the circuit length, remain unchanged. 

In that case the values of Zq and 8 will, necessarily change, 
seeing that the value of each depends partly on the resistance of 

the line per unit length. It follows that if Ri= .^ _ befcare the 
y, Sinn V 

alteration it will have a value R. =- . ,"„ ■ after the alteration, 

sinh 9, 
where Z'n and Sj are the new values of the characteristic resistance 
and the hne angle, brought about by the change in the conductor 
resistance. It also follows that Zq sinh flj =Z'o smh 8, and therefore 
Zfl _ sinh 6 , , 

Z'o~sinh9i ^^' 

since by supposition Ri is the same in both cases. The same 
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reasoning evidently applies to the n circuit, seeing that there is a 
fixed relation between the formulae for the T and the n circuit 
by (36}, Chap. III. 

72. Regular Series LoadlnE of Uniform Unes. — If equal resist- 
ances are inserted at regular distances in series with the conductors 
of a unifonn transmission line, it is said to be regularly loaded, and 
this type of loading is called series loading, to distinguish it from 
leak loading, in which the resistances are joined in parallel with 
the conductors. The resistances, which are inserted as described, 
are called " series loads " or " leak loads," as the case may be. 

It may be premised that a. reduction in the real part of the 
line angle B may be obtained by the introduction of suitable loads 
when alternating currents of telephonic frequency represent the 
working conditions of the circuit to be loaded, but the line angle fl 
as' a whole is always increased by loading, and in the case where 
direct currents are used, there is a consequent increase in the 
attenuation constant of a loaded transmission line. Loading is 
no exception to the rule that the same general considerations apply 
both to alternating and direct current transmission, and as before, 
on account of the relative simplicity of the direct current case, it 
will now be investigated. 
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Fig. 28. 



'-f. 



Let AF, Fig. 28, represent three uniform sections of line, AB, 
CD, and EF, loaded with loads of zZa at equal intervals. Each 
section of loaded conductor for purposes of calculation, may be 
said to comprise a length of line, such as AB, and the half load 
Za at each of its enak. Each of the unloaded circuits may be 
represented by its equi\^ent T circuit, as^in Fig. 9, and each section 
of unifonn bne, such as AB with its two end loads Za, offers a 
similar case to Fig. 18, and the resistance and current at the sending 
and receiving ends might be directly found by formulae (21) to 
(26}, Chap, TIL If three equivalent T circuits, each of which is 
equivalent to one of the unloaded lengths, such as AB, Fig. 28, be 
loaded with a load Za at each end, and then joined in series, we 
have the arrangement shown in Fig. 29. 

In order to find the effect of loading, it is convenient to find 
the constants of a uniform circuit which is equivalent to one of 
the loaded sections in Fig. 29, and this circuit, by comparison with 
the unloaded lengths in Fig. 28, will show the result of adding the 
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loads to that section. The constants of the required uniform circuit 
may be found in various ways, two of which are as follows : — 

'{a) First Method. — By formula (23), Chap. III., the received 
cuirent Ij at the earthed end of one of the loaded T sections in 
Fig, 2Q may be found Up. Fig. 18), Having thus found I^, the 
next step is to find, by the aid of (loj, Chap, fll., a uniform circuit 
of the same length as the uniform line AB in Fig. 28, but having 
characteristics Z'o and 61 corresponding to the loaded circuit 
instead of Zq and 6 as assumed in Pig. 28. By equating (23} to (10) 
Z'o and 9, are found. We have , 



a.'4-Zii' 



sinh 6 + sZa cosh 8 



El 
" Z'o sinh 01 



(2) 



Here the expression on the left gives the current Ij of the loaded 
and earthed conductor. Za is the impedance of one load, and Zn 
the characteristic impedance of the line whose angle is 6. All 

ZaR.-Z.ii4ijjRf2..d.ft:I«RfZ.<»t(|)-R,-Z.i>J4)z2.RfZ.l»*tf)R,-Z.MJifBZ« 
•^ Z,iZa 



1. R-i2_ 

G, 4 ' 5™^ 



!;"''■& 



these values are known, and therefore I3 is known. The expres- 
sion on the right is the formula for the received current in an earthed 
unifonn conductor ; Ei is the same in each case. 

From (2) Z'o sinh 8^ is found, and to find Z'o and sinh $1 sepa- 
rately we (jroceed as follows. The total resistance of the leak K, 
in Fig. 29 is known, and it is unaltered, we therefore have by (i) 

■ ^ fl = ^-u**n . and since Z'n sinh 8, is already found, we have 
Sinn p Sinn tfi <. ^ 

V slhTi^ X Z'o sinh ff^ = Z'o, and by elimination of Z'q from Z'o 
sinh 8i, the value of 8j is found from a suitable table. The values of 
R and G are then found from {7) aiid (8), Chap, 11., foryiXZ'o=R, 



whence yiIZ'q = 9iZ'o = Rl and similarly „ 



= G/. 



R/ is the total resistance, and G/ the total leakance of a uniform 
line of length I. The v^ues of Z'o, 6^, R, and G have therefore 
been found, and this completely determines the required uniform 
circuit, which, by comparison with the unloaded sections of Fig, 28, 
will show the result of loading the conductors. The sending-end 
impedance of the circuit given in Fig. 18 is obtained from (21), 
Chap. III. (see also (30), Chap. XIII.), 

(6) Second Method.- — To find the unifoim circuit which is 
equivalent to one of the loaded sections in Fig. 28 construct a re- 
arranged equivalent T diagram of one of the loaded sections of 
Fig. 29. The resistance Rj, which is half the resistance of one of 
the unloaded T circuits in Fig. 29, may be regarded as increased 
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to the value R2+Za=R'a, and this increased value may constitute 
the ann of a. new equivalent T circuit ; the leak resistance Rj of 
this new T circuit being the same as before. The rearranged 
diagram is shown in Fig. 3b. 

R'2=R2+ Za-Zptanhl' R'2=R2-^Za=Zotanh| ' 

1 R = -^°- IS— 
^ ' Sinhe'Sinhe, 



By (36), Chap. III., we have^?=coshfli-ior^2+i=cosh9i, 

and from this flj may be found by means of a suitable table of 

hyperbolic functions. To find Z'o we have R'j^Z'o tanh ^, from 

(i), Chap. III., and as R's is known from Fig. 30, and flj has been 
found, Z'o may be found by the aid of a table of hyperbolic func- 
tions. Having found Z'o and $1, the constants R and G of the 
required uniform line may be found as before. This uniform line, 
by coniparison with the unloaded sections of Fig. 28, shows the 
effect offloading these conductors. 

73. Hegnlar Ireak LoadiDg ol Condnetors. Special Case. — In 
view of the fact that any equivalent T circuit is related to a corre- 
sponding n circuit, as shown in Chap. III. (33) to {36), it is 
always possible to find a IT circuit having the same line angle $ 
as a given T circuit. If this reasoning be applied to Fig. 30, it 
will be seen that 'a loaded n circuit having the same line angle 
as this loaded T circuit may be found, and this method offers a 
convenient means of solving the problem. The procedure may be 

shown as follows. By (36), Chap. III., we have H^ = e-*- ^^t 

Ri and R^ be the ^uivalent resistances of one of the unloaded 
T circuits, as shown in Fig. 29, then Rj aod R4 are the resistances 
of a II circuit, which is equal to one of the unloaded T circuits in 
Fig. 29, If the T circuit be loaded, the loaded T circuit will be 

Z<t + R2 = Zo Unhif) z'o tanh(f) = R^+ Za 



that shown in Fig. 30, and its equivalent resistances are Rj and 
R'^, where Ri is unaltered, i.e. it is the same in Figs. 29 and 30. 
This loaded 1 circuit may also be represented for our immediate 
purpose as in Fig, 31. 
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The corresponding unloaded n circuit, as already shown, has 
etiuivalent resistances Rs and R^. Fig. 20 will show the construc- 
tion of the diagram. If this circuit be leak loaded so as to obtain 
the same Jine angle ffj as in the case of the loaded T circuit (Fig. 
31)^ only R, need be altered, i.e. that portion representing the 
resistance R4 will remain unchanged, we have therefore by (36} 
Chap. III., ^ = ^, where the left-hand values refer to the 

loaded 1 circuit, and the right-hand ones refer to the loaded n 
circuit. The diagram of this circuit is given in Fig. 32. 



R4'=Zo''Smhei-ZoSinhe 



R'-Z^ Coth ft 



«zj cothe. 



When the equivalent resistance R,' has been found, as e^lained 
from the known values of Rg', Rj, and R^, the value of the leak 
Gn to be added to — , which is the leakance per mile multiplied 
by half the length, of the unloaded circuit, is as follows : — 

and therefore J_, = J_ + Ga=?^-|-G« . . . . (3) 

K3 Ks 2 

The value of R3', expressed in terms of hyperbolic functions, 

is {App. in. and IV.) by substitution in the equation b-^« = r" 

Zq tann — 

If we write Zn" for »', we obtain [see (5)] 
£■0 

Zo"coth| = R'3 (4) 

By the foregoing procedure a leak-loaded circuit haviiw the 
same line angle as the loaded T circuit in Fig. 31 is found^ but 
the charactenstic resistances in the two cases are not the same ; 
they are, however, related as follows : 

By (33) and {34), Chapter III., R,R, =Zo2 = Ra'Ra'. Sub- 
stituting the values of Rj' and R3', as shown in Figs. 31 and 32, 
we have 
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Zo^ = Ra'Rs' = Zo' tanh ^%" coth ^ ; whence Zo'= = Zo'Zo" 

or 20 = ^2^^ (5) 

Any number of circuits similar to Fig. 32 majr be placed in 
series, and as each is equivalent to a section of uniform line, the 
sum of the n circuits will be equivalent from the combined circuit 
ends for all electrical operations conducted from those ends, to 
any similar operations conducted from the ends of the sum of the 
sections of the corresponding uniform circuits. This equality also 
holds for the ends of all the "intermediate II circuits compared 
with the corresponding point on the uniform circuit. These remarks 
also apply to T circuits, for example, those shown in Figs. 28 and 
29, or any similar combination. If, for example, the end of an 
intermediate T circuit coincides with the middle of an arti&cial 
circuit made up of a number of T circuits, the current and voltage 
relations at that point are precisely the same as at the middle of 
the real line. 

74. Relative Value of the Series Load and the Leak Load whleh 
prodaee the Same Line Angle 9 In a Given Uniform Cirenit. — We 
have already shown how to find the leak load which mves the same 
line an^e as the series loaded circuit. It will now be shown that 
the series load divided by the leak load = Zq^ in such a case. 

If a series load Za is added to a uniform circuit at intervals of 
/ miles, the resistance Z'a of the load per mile, which is to be added 

to the circuit resistance per mile, is Z'a = y. The total resistance 
per mile is R+Z'a, and therefore the characteristic resistance Z„' is 

If a leak load Ga is added to a uniform circuit at intervals of /^ 
miles the leakance of the load per mile, which is to be added to the 
normal leak^ce G per mile, is G'a =-j^, and the total leakance 

r mile is G 4- G'a, and t 

e leak-loaded circuit is 



Multiplying Zq' by Zo' we obtain 

Z»Z„ -^— g— X^g-pg,^ 

_ / R+Wi /E /R+Z'«, „, 
- V G+(75V G =V ET(75^« <^' 

where Zq is the characteristic resistance of the unifonn line. 

Now since Zo'Zo' = Zo' by (5), therefore from (6) 

D,g,l,i.0D,GOOgle 
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whence ■ ^=\/||M=V^i ■ ' ' <" 

by (6), Cbap. II., and consequently 

The required relative values are therefore Z'a and G'a as given 
in (7), et seq. 

76. Regular Leak Loading — Qenersl Cue. — ^The special case of 
leak loading just considered only covers one particular aspect of 
the case, the problem will now be 'dealt with from a more general 
point of view. The mode of procedure is similar to that adopted 
in the case of series loading dealt with in Figs. 28 and 29. Let Tig. 
33 lepresent a uniform line split up into three sections, AB, CD, and 
EF, of equal length. The total conductor resistance in each section 

is R/ = Zflfl, and the total leakance of each section is G/ = «- . One 

G/ 
half of this leakance or — - is shown at each end of the uniform hne. 



Rl^ZoQ fi cRt = Zoe ^f<l~Z,>Q 



TTTTI 



Si - t M -A, 



TTTT 



T 2Z0 2 2Z0 



In order to leak load such a circuit, leaks Ga are added to each 
_ of the normal leaks --, as shown in Fig. 34. 



, («= z„ 9 , M. z« e ,R<.Zo e , 



ITTTl 



TTTT 



irrn 
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Each intermediate loading point may be regarded as having 
a leak Gl+2Ga split up into two equal parts, the leak at each end 
of a section being {- Ga. 

Next construct the equivalent circuit diagram of one of the 
three equal unloaded uniform lengths in Fig. 33. The corresponding 
ITcircmt, given in Fig. 20, shows the construction of the diagram ; 
the equivalent resistances are Rj and Rj. If this circuit be leak 
loaded by adding leaks Ga to the leak whose resistance is R3 {Fig. 
20), weobtain a new leak having a resistance such that p— .— p'=Ga. 

In this loading operation the line resistance is not affected, and 
therefore the value R. remains unaltered. Fig. 35 shows a smoothed 
section of a leak-loaded circuit which is equ^ to one of the loaded 
sections shown in Fig. 34, 

R4=Zo Sinhe, =ZoSinh9 



R.=Z;Coth(|) R'3=Z; Coth(f) 



R'3=2 



Fig. 35. 
The values Zq' and Si for this circuit ibay be found as follows. 

We have from (36), Chapter III.. ^,=cosh tf.-i,or,^i+i=coshe,. 

K3 Ks ■ 

From this equation flj may be deduced. To find Zq' we have 

R8'=Zo' coth -' {see Fig. 35), and since 9i has been found, coth flj 

may be deduced from a suitable tabff We then have 2_ = Zq'. 

coth ?» 
2 
The values of R and G may then be found as in previous cases, 
and the details of the uniform line to which Fig. 3^ is equivalent 
determined. This uniform line, by comparison witn the imiform 
lengths in Fig. 33, shows the effects of leak loading. 

76. G. A. Campbell's Formula. — A de&nite formula showing the 
relation between a loaded section, such as is indicated in Fig. 28, 
and the uniform unloaded line to which it is equivalent, appears 
to have been first given by G. A. Campbell in an article entitled, 
" On Loaded Lines in Telephonic Transmission," Philosophical 
Magazine, vol. v. p. 319, March, 1903. The formula is as 
follows ; — 

Cosh Ji =cosh e -1-^ sinh d 

The symbols are here changed so as to be uniform with those 

S'ven in this chapter, fl. is the line angle of a uniform unloaded 
le which is equal to the loaded section of uniform line whose 
jangle is 6, and Za is the impedance of a load (Fig. 36). 



itizecy Google 



6o TELEPHONIC TRANSMISSION 

The fonnula may be proved as follows. 

Let Fig. 36 represent one of the sections of Fig, 29, earthed at 
the receiving end, as shown. 

Zg \Z a Rg-Zp tafih§- Rt ■Zptanh | Z a 



rom preceding ; I| I 

Bded section, t v R ■ 



Sinhe 



If 1 1 is the current entering the loaded section, the current at 
Ig is by inspection, by Ohm's law {see Chap. III.) — 

T - iiRi 
• R,+Rj+Za 

By substitution of the values of Rj and {Ri+Rj) from fonnulae {2) 
and {4), Chap. III., we obtain 

I, ^ 
J _ sinh 9 _ IiZq 

' Zocoth e + 'Za Zocosh 9+Za sinh 



Now by (12), Chap. III., if I, and Ig are the current at the 
beginning and end of a uniform line without apparatus, we have 
1^ =co5h 6. If the values oU^ and Ig are the same in the uniform 
line as in the case of Fig. 36 and formula (8), the value cosh 0] may 



cosh tfi = cosh 9 + =- sinh 6 

Which proves Campbell's formula if Ii and lo are the same in 
the case of the loaded and unloaded sections, which are also supposed 
to be of the same length. 

77. Artlflelal Cables. — It has already been shown that any real 
cireuit with uniformly distributed constants may be represented 
by an equivalent T or IT circuit for all electrical operations conducted 
from its two ends. There is no limit to the length of uniform hne 
which may be so substituted in the direct current case ; but in 
the alternating current case it will be seen later that limits are 
often imposed. It frequently happens that an artificial circuit or 
cable is required which represents a real circuit for a given length 
comprised oetween certain line angle limits, and is variable in 
steps of some definite line angle or angles between those limits. 
It IS a common practice in such cases to utilize a number of nominal 
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n or T circuits in series, and by this means to make up any number 
of units of the nominal circuit, or some multiple of it, as ma^ be 
required to form a complete artificial cable. We will now investigate 
the effect on the received current in general terms of utilizing a. 
nominal T circuit instead of an equivalent T circuit (see Fig. lo, 
and the remarks concerning it in Chap. III.). The nominal T 
circuit in this case is given in Fig. 37. 



I 



RL_7 9. RJ.-7 S. 



T * 



Gi 



The apparent resistance of this circuit, measured from A, is 



av 



The received current at 6 is 

■. = fiTf^ (■») 

Now I, = y^. Substitute this value of Ii in (lo), and tlien 
substitute tlie value of Z, from (9), and we obtain 



E. - 



'(^JT^ (IffT^ 






^^'" 4E1 



This expression involves an error due to lumping all the leakance 
at the centre of all the circuit resistance, instead of taking- the 
correct equivalent T. The true received current at the end of a 
transmission line, or of an equivalent T earthed at the receiving 
end without apparatus, is given by formula (lo). Chapter III., 

Fig. 38 shows the ratio between the received 



"Zosinh 6' 
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current as ^ven by formula (ii) and the received current on the 
assumption that formuJa (lo), Chap. III., the correct formula, 
■ is used. The ratio is 



Zog(ff' + ^f _ 4 sinh 9 _ sinh 8 . . 

Zosinb $ 

The graph shows this ratio between the limits 6=o and f=5' 
It will be seen that for smaJl values of 8 there is practically no 
difference between the nominal T and the equivalent T. If, for 
example, the line angle is 02 the difierence is less than half of 
one per cent., the error gradually increases with the line angle 
until it reaches one per cent, when the line angle has a value a 
httle over 04. If, therefore, an artificial cable is divided into a 
number of small divisions each having a small line angle, the nominal 
T circuit will not materially differ from the equivalent T circuit, 
so far as the received current is concerned. It is of interest to 
note that when B^zSt the current indicated by both the formulae 
in question is the same. For greater values of 6 the current obtained 
by the use of {iij becomes increasingly greater than that given 
by formula (10), Chapter III. 

78. Error dne to the use ol the Nominal T Formula for the 
Heasuremeat of the Sendlng-end Reslstanee of a Transmission Line 
with the Distant End Closed. — The relative formula is given by 
(13), which may be derived from Fig. 37, 

(Zpg) +2Zo|.- ^ (ffi+^)fl 

This, again, contains an error due to lunipiness, the correct 
formula is Zn tanh S—Z,, from (6), Chap. HI. The ratio of 
(13J to (6), Chap. III. has been plotted in Fig. 39 between the 
limits e=o and 8=4, and the error due to lumpmg all the leakance 
in the middle of all the resistance as shown in the nominal T may 
be traced by means of this graph, 

79, Error due to the use of the Hominal T Formula in tlie Case 
of the Insulatioa Reslstanee, or. In other words, tlie Sendins-End 

.1. I ^^ — in t 1 *-ft 9 J- L_J 



. Besistanee with the Distant End of the Cireuit open. — The relative 
diagram is given by Fig. 40. 
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It is evident from the inspection of this diagram that tiie 
redstance of the combinatioD with B disconnected is 

Z=-+Rg=Z„-+-^=Zo^^ . . (14) 

The correct foimuJa for this case is Z^Zo coth 8 by (5), Chap. 
III. The ratio between (14) and (5), Chap. III., is ^own in 
Fig. 41. After having studied the preceding graphs the inteipreta- 
tion of Fig, 41 will present no difficulty. 

It may be pointed out that the nominal diagram is not infre- 
quently accepted as a correct means of investigating the insulation 
of an open telegraph line. Fig. 41 will ^ow the extent of the error 
involved in this assumption (see p. 199). When once the correct data 
have been obtained and tabulated as here shown, the more exact 
method presents no more difficulty than the other, if a suitable table 
of hyperbohc functions is available. The fonnulse developed in this 
chapter, however, find their more general application when alternat- 
ing currents at tdephonic frequencies are dealt with. 

Example i. — A uniform single wire circuit consisting of a 
i5o-lb5. copper conductor having an insulation resistance of half 
a megohm per mile, is 10 miles m length, and has a series load of 
30 ohms resistance at each end. If this loaded circuit forms one 
section of a uniform series loaded line, show what leak load must 
be placed at the two ends of a similar unloaded line to give the same 
line angle as that given by the series loaded line (see para. 73). 

The uniform line with the loads at the end is shown by Fig. 42. 

jOohms H 'Q'^^'~~"/5 0tt~O^~~~*i 30ohlM 

Fto. 42. 

First calculate the equivalent circuit without the loads. 
Now R = 

and G = 2 X 10^ mhos per mile 

.-. Y = v^R^S = \/ii73 X io-» = 0-003425 hyp. per mile 



and Zo=V5=^_i^ = i7i2-4ohms 

by (5) and (6), Chap. II. 

Hence j ss= y/ = 0-03425 hyp. 

The values of Ri and R£ of the equivalent T circuit of the line 
are 

„ Zn I7i2'4 „ , 

Ri — -■ ■ ^ --^ = — ^ — ^ = 40082 ohms 
* sinh 003426 ^^'^ 
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RjsZgtatih - =si7i2'4 xtaiilio'oi7Z2 =:29'3olims. (See Fig. 43.) 
R2 = 29-3 ohms R2 » 29-3ohm8 



30 ohms 



R,- 



30 ohms 



49982 ohms 



The values of Rj' and R3' of the equivalent T circuit, including 
the series loads, axe 

Ri' = ■'j . = 49982 ohms 
^ smh »i ^"^ 

(See the ranarks relating to Fig. 29. See also Fig. 30.) 
Rj' =1 Zo' tanh -^ = ag's + 30 = 593 ohms 

Now cosh 6,=!+^, = ! +-5^ = 1001186 

Ri 49982 

.-. «! =00487. (See (36), Chap. III.) 



-^C = ^-59:3- 



tanh °» tanh 002435 



= 2435 ohms 



i^ee remarks after Fig. 30.) 

The equivalent T circuit of the series loaded Une is shown in 
Fig. 44. 



R2 - 59-3ohins R2 ^ 59-3 ohms 
r1 =1^982 ohms 



r:=|* 



FIG. 44. 

R^ = 58'7 ohms 



49;475 olims 



r;= 



49(475 olims 
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The eqtuvalent a circait is found as follows : — 

R^ = Zo sinh * = inz'dX '03436 = 58'67 ohms 
bat R4 = V sinh 0i (See Fig. 32.) 



tanh — 
2 

[see {4). Note that Zo' coth ^ = 



1205 
tanh- 

tanh^J 
K)' = 49475 ohms is the leak load requiied. 



[' 



Example 2. — {a) If the series load of 30 oluns had been distri- 
buted umfonnly over the line ciictiit, what wotild be the resistance 
of the latter ? 

(b) Find the resistance of a uniform circuit without load which 
has the same line an^le as the loaded unifonn circuit. 

(c) Find the received currents for the unloaded circuit and for 
the equivalent series and leak loaded circuits when an E.M,F. Ei 
is applied at the sending end. 

(fl) R/ = ^^^ X 10 + 60 = 58-65 + 60 = 118-65 ohms. 

(6) R/ =Zo'fli = 2435 X '0487 = 118-64 ohms. 

(See notes relating to Fig. 29. Zq' and ^i are known from the 
preceding example.) 

(c) Received current with unloaded circuit ; Zg and sinh are 
known from the preceding example. 

I, = „ ^\ ^ = ^ (by (10), Chapter III.) 

Zo sinh 8 1712-4 X smh '03425 ^ ' ^ '■ *^ ' 

_ El _ El 

171Z-4 X -03426 ~ 5867 *™^' 

Received current with series loaded circuit 

I'» = ~ , -^ ^ = — ;;"" = ~FT amps. [See formula (2).] 

Zo' sinh fli 2435 X 04872 ii8-6 *^ •■ ^ ' ■" 

Received current with leak loaded circuit (Zo' and sinh 9i 
are known from the preceding example) 



It will be seen from the last example under {a} and (&) that if 
a suitable series load is placed at each end of a transmission line 
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with a small line an^e practically the same effect is produced as 
if the resistance had been uniformly distributed over the whole 
length. This, however, is only true for relatively small line an^es. 
In view of the fact that the resistance of half an arm of the equiva- 
lent T is equal to Zq tanh ~ , it will be evident that for large values 

of ff a large change of resistance produces very little effect on the 
total resistance ra the arm of the equivalent circuit, seeing that 

tanh - attains a maximum value of i when is large. In the 

case of a real transmission line the resistance is always Zofl with 
any length of Une. It follows that lumped loads only approximate - 
in effect to uniformly distributed ones when the line angle is small, 
this is important in considering the effect of the spacmg of coils 
in the loading of telephone lines. 

The results obtained under (c) bring out the fact that the attenu- 
ation constant is increased by series loading in the direct current case 
and that the received current of the loaded circuit may be reduced 
as compared with the unloaded one. This depends on the relative 
values of Zq and the circuit length. The factors which cause an 
increase in the attenuation constant are also present in alternating 
current loading ; but in that case they are accompanied by the 
beneficial effect of inductance on papacity, which usually Moduces 
a decided net transmission gain if the circuit is sufficiently 
long. 
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CHAPTER V 

THE HUMAN VOICE IN TELEPHONY 

SO. Introdaetory Remarks. — It is generally assumed in the study 
of telephonic transmission that the voltages and currents generated 
in the telephone transmitter by the voice, and transmitted along 
telephone circuits, are alternating currents and voltages of sine 
wave formation. The vibrations which are evident in the pro- 
duction of a given speech sound are supposed in fact to be capable 
of resolution into a number of difierent wave forms, each of which 
is supposed to recur often enough to impress its chaj^cter on the 
circuit. When this regularly recuiiing state is reached the resulting 
voltages and currents are said to have attained the steady state. 
This state is not arrived at instantaneously, but there is some small 
period during which the voltage is being ouilt up, before it arrives 
at the steady state, or, on the other haiid, there may be a small 
period when the voltage and current are changing from the steady 
state to zero. Electrical phenomena which are manifested in this 
period are known as transient phenomena, and in telephony this 
period is supposed to be relativay small and unimportant in com- 
parison with the duration of the steady state. The sounds of the 
human voice are, moreover, made up of a large number of frequencies, 
and the vibrations constituting a given speech sound are simui- 
taneousiy impressed upon the telephone transmitter and traverse 
the line. It is genentlly supposed that the mean frequency of 
speech may be ta£en for telephonic purposes as being somewhere in 
the neighbourhood of 800 periods per second. Before proceeding 
to the detailed study of the application of the assmnptions on 
which the laws of telephonic transmission are based we will now 
examine some of the evidence relating to the matter. 

In order to obtain a clear idea of the problem it will be advan- 
tageous to first briefly examine the mechanism of speech, otherwise 
the significance of the speech records cannot be fully appreciated. 

81. Tbe Orgaiu of Speeoh. — The principal organs of speech are 
the vocal cords in association with the mouth and the nose. 

The Vocal Cords are fixed in the windpipe where the " Adam's 
apple " is seen. In the position .of rest the breath passes un- 
oDStmcteiUy through the glottis or opening between the vocal 
cords. When these latter are Ughtly drawn together and air 
passes out, the cords vibrate, and a "voiced" sound is the result ; 
such sounds are an essential part of all vowels, and some consonants, 
and they can be varied in pitch. After the breath has passed through 
the vocal cords it may pass through the mouth or the nose, or 
both, and the sound may thereby oe modified. Sounds modijfied 
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in the nose are nasal consonants, such as m, », ng. In pasang 
through the mouth the voice may be modified in various ways, 
due to the movements of the jaws, lips, and tongue. If the passage 
of the breath throu^ the mouth is free, after a vibration of the 
vocal cords, the sound produced is a vowel, if not free it is a 
consonant ; for example, if the vowel ah be pronounced, a continuous 
sound is produced in the vocal cords, and the shape of the mouth 
is modified for the production of the sound, but at the same time 
the mouth is open and there is a free passage of air through it. In 
the pronunciation of a consonant, however, for example *, the 
free passage of the air is temporarily stopped, in this case by the 
lips. The oscillograph records which follow later on have been 
selected as characteristic examples of the sounds produced in the 
vocal cords, the mouth, and the nose, and as sufficiently representing 
the records of the mechanism of speech for the purpose in view. 

82. Natnrfl and VarietlBa of Sonnd. — ^All sound is caused by the 
vibratory motion of bodies ; when these vibrations reach the ear 
they are recognized as sound. The vibratory nature of sound is 
easily made evident ; for instance, if the vowel be pronounced 
loudly, and the hps l%htlj^ touched during the process, the vibration 
may be felt. The maximum distance through which vibrating 
particles of a soimding body moves is called its amplitude, and the 
greater the amplitude the louder the sound, or the greater its 
intensity. Two sounds may also affect the ear differently, in pro- 
portion to their rapidity of vibration or greater frequency : the more 
rapid the vibration the shriller the note, or the higher is its pitch. 
Two notes c^ the same intensity and pitch may produce different 
impressions on the ear, for instance, the same note on a piano and 
a violin ; this difference is due to the different timbre m the two 
sources of sound. It is caused by the fact that each of the two 
fundamental tones is accompanied by others of different pitch 
superimposed on it ; these are overtones, and they are usually of 
different amphtude to the fundamental, and constitute a diEferent 
series in each case. 

Sound is broadly divided into two categories, viz. noise and 
mudcal sounds ; the former are either abrupt sounds or non-periodic 
complex vibrations, or periodic discords, whilst the latter are the 
result of the continued periodic vibration of the particles of sounding 
bodies, whose periods are appropriately related. Periodic vibrations 
are assumed in sine wave transmission. 

S8. Resonanee. — A good tuning fork has a natural period at 
which it vibrates and gives its characteristic tone. If another 
body in the neighbourhood makes the same number of complete 
vibrations per second, either as fundamental or overtone, it will 
communicate its vibration to the tuning fork if it be at rest, and 
if the amplitude of the vibrating body is sufficient. The reason 
of this phenomenon is that each time the tuning fork makes a 
complete vibration, and is about to repeat the motion, an impulse 
arrives from the vibrating body whicn assists the motion of the 
tuning fork, and this is repeated at the end of every complete 
period : at the commencement the motion of the fork may be 
extremely small ; but the accumulation of impulses in the same 
direction increases the amplitude up to a certain point and maintains 
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it afterwards. Any body having a natural period may be similariy 
affected. An analogous phenomenon may be observed in con- 
nection with the vibration of air columns in tubes ; if, for examjjle, 
a vibrating tuning fork is placed near the opening of a tube which 
is closed at the other end, and if the tube be of such a length 
that its fundamental coincides with the tone of the fork, the note 
will be strengthened ; if the wave length in air of the tone of the 
fork is X the length of a closed pipe wnich gives this as its funda- 
mental is 7. 

Resonance plays a part in the formation of articulate sounds ; 
this modifying resonance is effected, for example, by the cavity of 
the mouth and the nasal cavity. Resonance also comes prominently 
into plav in telephonic apparatus. 

8^ Umits 01 Pitch of the Human Volee. — The voice can only 
cover a portion of the possible range of musical sound. Male 
singing voices are usually comprised between the limits of 80 and 

Cto 500 periods per second, and female voices between 160 and 
n 700 to 800 periods per second, although there are exceptions 
to these rules, and different authorities do not always agree on the 
precise figures ; the tones referred to are fundamentals, and they 
are generally accompanied by a number of overtones. 

85. Mean Freqaeney ol the Volee In Telephony. — In dealing 
with the apparent frequency of the human voice as deduced from 
telephonic experiments, the frequency of the fundamental is not 
the one in question ; the sounds comprised in the human voice 
cover a numoer of different fundamentals (for example, males and 
females are difterent), and these fundamentals are in all cases 
associated with overtones; these facts are corroborated by the 
oscillograms which are here shown. In practice it is found that the 
combined frequencies which are made up of the fundamentals and 
overtones which are simultaneoiwly transmitted along telephone 
circuits, are subjected to the same attenuation as some one tone of 
a definite frequency intermediate between the lowest and the 
highest. The question of the mean freq^uency of speech was dealt 
with by the second Conference Internationale des Techniciens des 
Administrations des Tfldgraphes et Tdl^phones de I'Europe, held 
in Paris in 1910, where it was unanimously decided {Comptes Rendus, 
pp. 99-100) as follows : " In practical calculations, the telephonic 
current may be replaced by a current of sine wave form. As 
regards intensity the angular velocity of 2n/ = 5ooo may be adopted 
as a mean figure. It is desirable in addition to take the angular 
velocities of 2jr^=:3ooo and 7000 into account so far as timbre is 
concerned." The mean frequency adopted is practically 800 periods 
per second, for zn- X 796 = 5000, and tne latter figure is mucn more 
convenient for calculation than if the exact frequency of 800 were 
taken. 

86. Range of Sonnd pereelved by the Ear.— The ear perceives 
sounds over a much wider range than those produced by the voice, 
the upper and lower limits of pitch discerned by the ear are in the 
neighbourhood of 16 and 40,000 according to some authorities ; 
the range varies, however, with different persons. The sensitivity 
of the ear is greater for relatively high speech frequencies than for 
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very low ones. According to Lord Rayleigh {Phil, Mag., p. 603, IQ07), 
the maximum sensitiveness of the ear is reached at not less than 
1024 vibrations per second, and possibly higher. 

87. The Oscillograph. — In order to give an adequate idea of the 
nature of telephonic speech, and to obtain information as to the 
nature of the problems outlined at the beginning of this chapter, 
a number of oscillograph records taken in the Laboratory of the 
Engineer-in-Chief, G.P.O. West, London, are here given by per- 
mission. The oscillograph consists of two separate msulated con- 
ducting loops, capable of movement between the poles of a powerful 
electromagnet. When either or both of the loops are connected 
to separate electric circuits, and a current circulates in the loop, 
it is deflected, the amplitude of the deflection being proportional 
to the strength of the current in the loop. The suspended loops 
axe so designed that their movements accurately reproduce the 
wave form of the currents passing through them, these movements 
being indicated by means of the reflected beams of light from a 
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Fic3. 46. — Arrangemeot for recoiding osoillograma. 

small mirror attached to them. The reflected rays fall on moving 
photographic paper fixed on the surface of a rotating drum placed 
to the path of the rays (Fig. 46). The photographic paper is of 
couree shielded from all light except that reflected from the mirrors. 
The functions of the two circuits connected to the oscillograph are 
as follows. In the telephonic circuit the receiver at the recdvmg 
end of the line is replaced by the oscillograph suspension, and any 
sounds spoken into the transmitter cause telephonic currents to 
pass through the oscillograph loop and cause it to be deflected in 

fTOportion to the instantaneous strength of the current passing 
trough it, the resulting wave form is recorded as already eTrolained! 
In order to permit of the number of vibrations per second of the 
speech curves being readily and accurately known a generator 
circuit was employed. The generator used was an alternating 
current machine revolving at a fixed speed {giving generaUy 800 

fieriods per second), and it was possible at any instant to measure 
his speed accurately. The generator currents passing through the 
oscillograph loop were recorded simultaneously on the same paper 
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as the telephonic voice currents. By this means, knowing the speed 
of the generator, it was possible to determine the frequency of the 
voice currents. The oscillograph used was a " Blondel " oscillo- 
gi^ph in most of the cases, but some of the records were taken 
with a " Dnddell " oscillograph. In some tests the two oscillograph 
loops of the Blondel oscillograph were placed at the beginnini; and 
end of a telephone line instead of being arranged as shown in Fig. 46, 
which arrangement pennits of the wave form and amplitude at the 
sending and receiving ends of a given circuit being investigated. 
A time scale and a current scale are shown on the oscillc^rams 
where these details are known ; but in some instances they were 
not recorded. 

88. EztDUnaUonoftheOielUosTami. General. — Before examining 
the telephonic speech records, some Hmitations of the method, and 
of the telephone as an accurate means of reprodudi^ human speech, 
will be pomted out. 

(a) In the first place, the oscillograph as at present constructed 
is a much less sensitive instrument tnan the telephone receiver. 
It is possible to hear the acoustic effect of less than one millionth 
of an ampfere in a good commercial telephone receiver, and this 
is actually required for some dehcate cross-talk tests. In the case 
of the oscillograms, a reference to the current scale marked on a 
number of them, will show that 045 inch or I'igs cm. represents 
the amplitude of the oscillograph deflection for 10 milliampferes. 
Now commereial speech can easily be conducted if i per cent, of 
this current is available at the receiving end of a telephone circuit, 
but on the contrary an oscillograph d«lection of i per cent, of 10 
milhampferes would only have an amplitude of 00045 inch or 
approxmiately 001 cm., which is merely the thickness of a line, 
so that details could not be distinguished in such a case. It is 
possible, therefore, that some of the speech overtones of very small 
amphtude may not be recorded in the oscillograms. 

(b) Certain consonants, such for example as s and sh {as in isk), 
are not perfectly transmitted by ordinaiy telephones, and the 
records of such letters may be expected to show a corresponding 
degree of imperfection. 

(c) Speech records are more or less modified by variations in 
the construction of difierent types of telephones, and the nature 
of the load connected to the telephone, i.e. according to whether 
the load is made up of ohmic resistance, capacity, or inductance, or 
some combination of these. As regards the transmitting portion of 
the telephone, it is known that the higher frequencies are subjected 
to a greater impedance ttian lower ones; for example, the trans- 
mitting circuit used for the greater part of the records here given 
showed a variation of approximately 10 per cent, in impedance 
between the limits 2w/ = 3000 and iw/ = 7000 with the microphone 
replaced by a constant resistance equal to its mean sp ikin g 
resistance. When, however, the microphone was placed in the 
measuring circuit its resistance introduced a variable element which 
masked to a laige extent the effects of the frequency on the imped- 
ance. It is known also from recorded experiments,^ that com- 

' Bela Gati, Ehdtician, Dec. 30, 1910. Meyer and Whitehead, TroHsac- 
tiorts American Institution of Electrical Engineers, June, 1912. 
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merdal types of telephone diaphragms are subject to resonance ; 
one prominent resonance point being in the neighbourhood of the 
frequency selected as the mean frequency of speedi, viz. 800 periods 
per second. Notwithstanding these factors a comparison of some 
of the records with others t^ea by entirely diSerent methods 
shows a general resemblance to those here given. 

The speech records here shown illustrate the complicated wave 
forms which are transmitted along telephone circuits, subject to 
the limitations of the sensitivity of the recording apparatus, as 
already pointed out. All the records are those of male speakers. 
Figs. 47, 49, 50, 51, and 54 to 58 inclusive are voice records 
of one speaker, and the rest, up to 63 inclusive, of the other. 
A few records of a female speaker were taken, but the records were 
failures. In the case of the records on which a time and current 
scale is marked, care was taken to msure that the speech recorded 
represented normal pitch and intensity, except in Figs. 56 and 58, 
representing speech over a line with an attenuation constant of 
j9r= 21. In this case it was necessary to speak very loudly. 

89. Vowel Reeotds. — Vowels enter into the composition of all 
the letters of the alphabet, and three representative vowels are 
given, viz, : (Figs, 47 to 51) a as in pay, ee as in see, and as in 
go. In these three cases the record shows a sustained vowel sound 
of a definite wave form, such that if the nature of a given vowel 
curve is once noted, it can usually be identified in combination 
with other sounds in more complicated records taken in the same 
circuit. The vowel e enters into the composition of the letters p 
and b, for example, and these letters can be compared with the vowel 
record. The vowel record in each case consists of a series of similar 
and symmetrical wave forms which vary somewhat with different 
individuals. It was noticed, however, in taking the curves, that if 
the amphtude of the current waves for the same letter are widely 
different in any two cases, the resemblance is much less marked. 
{See, for example. Figs. 56, 57, and 58, which are records of loud 
speech.) In order that the curves may be strictly comparable it 
is desirable that the same poles of the battery should be connected 
uniformly to the same oscillograph terminals, so as to circulate the 
current m the same direction around the oscillograph loop ; if this 
is not done the record appears to be reversed in one case as com- 
pared with the other ; for example, the vowel portion {e) of the 
letter b in Fig. 54 appears to be reversed as compared with the. 
vowel e in Fig. 47 for the reason stated. Only one record is avail- 
able in the case of the letter a, but in the case of e two records, and 
for o three oscillograms, obtained from different speakers, are 
given. The regularly recurring vowel wave forms in each case are 
produced by a fundamental tone and its harmonics, each of these 
wave forms according to the theorem of Fourier may, in fact, be 
replaced by a fundamental sine wave, and a greater or less number 
of^ harmonics, and these sine waves taken together have the same 
resultant effect as the wave form in question, 

90. The Ttme reqnlred lor Telepoone Cnrrent Waves to fttUIn 
the Stead; State (see Para. 80). — In order to properly appre- 
ciate the evidence furnished by the oscillograms on this point, 
it is necessary to examine one or two records in detail, and Figs. 52 
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hand side of the figures and a time scale is given below the speech 
oscillc^rams. The time scale is constructed from the alternator 
record at the bottom of the figure, which is the curve of a sine wave 
current having a frequency of 800 cycles per second. The letter 
* is made up of an explosive consonant followed by the vowel e 
(as inj)ea). In Fig. 52 the parts are numbered i, z, and 3. Here 
I indicates an interval or silence between two records of the 
same letter, 2 is the consonant, and 3 the vowel. So far as can be 
judged from the record the whole of the explosive part of the 
consonant only occupied about o'ois second in pronunciation, and 
it appears to change gradually into the vowel e, as may be seen by 
identifying the outline of e by comparison with Fig, 47, and yet 
a speech trial with the telephone used in making the oscillogram 
showed that the letter could be generally recognized at the end 
of 46 miles of standard cable, although it was sometimes confined 
with 6. The current received at the end of 46 miles of standard cable 
is only 075 per cent, of the current at the sending end of the same 
cable. Fig. 53 shows the letter b : this is distinguished from f> by 
the fact that the explosive consonant at 2 is preceded by a voice d 
sound, produced by the vibration of the vocal cords, as may be 
readily verified by pronouncing the letter. The parts i, 2, and 3 
show respectively the voiced sound, the explosive sound caused 
by the Ups, and the vowel. In this case, however, the explosive 
is hardly distinguishable on the oscillogram. The details of this 
letter are better seen in Fig. 54, which is the record of a different 
speaker ; in this case, however, the oscillograph drum was run 
much more rapidly. In this record the fig, 3 at the left-hand side 
of the oscillogram indicates the vowel e at the end of one letter b, 
and the fig. i shows the voiced part at the commencement of 
another letter b. The speaker whose voice is recorded in this case 

fironounced the letter a number of times in rapid succession, so 
hat the end of one letter is practically continuous with the beginning 
of the next, the total time of transition from the last full period of 
the fi in 3 at the left-hand side to the first properly formed period of 
the voiced part of the following letter, as indicated by the figs. 4 
and 5, is not more than one-hundredth of a second, and it may be 
less, because it is possible that the transition curve between 4 and 
5 was largely due to modification of the voice in changing from the 
end of one letter to the beginning of the next, rather than to the 
time required to change the current to the steady state. The 
line in this case was, however, made up of resistance only. Fig. 55 
gives the consonant part of the b only {t.«. it gives the i without the 
final e) by the same speaker as Fig. 54, and Fig. 47 shows the vowel 
e taken in the same conditions. Fig. 56 shows a record of the letter 
b at the beginning and end of a hne of 20 miles of standard cable 
(equal to r^'). ^^^ speaker was the same as in the case of Fig, ^4, 
the apparatus, including the oscillograph, was also the same in the 
two cases, and there is a resemblance in the general character of 
the curves, if the different nature of the line is taken into account. 
A speech test in the case of this letter b showed that it could be 
distinguished in the same conditions as the letter p already referred 
to, over 46 miles of the standard cable. A reference to the Figures 
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will show that the maximum amplitude of the current where 
recorded did not exceed lo miUiampferes at the sending end of the 
line in the case of p and b. It is Imown that a current whose root 
mean square is 5 nulliamp^res represents fairly loud speech, and that 
normally such a current is not often exceeded in telephonic con- 
versation. 

The foregoing facts, then, show that the explosive consonant part 
of a letter p or b represented by a current of not more than 10 
milliampferes at the sending end, and sometimes lasting not longer 
than two-hundiedths of a second as a maximum, may be recognized 
by means of a telephone receiver at the receiving end of a trans- 
mission line having an attenuation constant such that the received 
current is less than one per cent, of the sent current. The failure 
to distinguish a letter p from a ft is probably not due to any failure 
in recognizing the explosive consonant, but is more likely to be due 
to the fact that the voiced consonant preceding the explosive one 
in the letter b is not always audible, and it ^viU be observed from 
the records that the ampHtude of the voiced consonant is less than 
that of the explosive one. It appears probable, therefore, that 
amplitude is more important than length of signal, and that the 
duration of an explosive consonant, which represents one of the 
shortest speech sounds, is sufficient to permit of its transmission 
over a long Une with sufficient amplitude to ensure its recognition in 
a telephone receiver at the end o: the line. 

91. Comparative Amplitudo of Speech Sounds as shown by ' 
OseillOKrams. — It will be at once evident by inspection of the 
oscillograms (Figs. 56 to 65), that the amplitude of the component 
parts of the same oscillogram are in many cases very different ; this 
remark applies to any of the records of a complete letter made up 
of a vowel and consonant, for instance *, 6, /, s, ish and zh4e. This 
is very noticeable in the record of tne letter / (Fig. 59). The 
oscillogram in this instance only shows the vowel portion of the 
letter at its commencement, although the letter was clearly pro- 
nounced in a normal manner; when, however, a speaking test was 
made by the same apparatus and speaker as recorded in the oscillo- 
gram, the consonant sound missing in the oscillogram was audible 
m a telephone receiver at the end of 20 miles of standard cable. 
In order to obtain a record of this sound it was afterwards uttered 
as loudly as possible in a continuous manner without the vowel 
part, the result is shown in Fig. 60. The record of letter s (Fig. 61) 
also ffuls to show the hissing consonant portion of the letter, the 
recorded portion shows only the vowel at the beginning of the letter, 
and this is similar to that at the beginning of the letter/ When 
a speech test of the letter s was made in the same conditions as 
before, it was found that the his^ng sound was not at all faithfully 
recorded in the receiver, and when the latter was joined to the 
transmitting apparatus direct without cable, the same imperfection 
was noticetf ; it was in fact found that the received sound resembled 
/more nearly than s, and it was difficult to distinguish these letters 
from each other ; other telephone sets gave the same result ; the 
telephone apparatus does not in fact appear to be capable of cor- 
rectly reproducing this letter. The difficulty experienced in its 
transmission is, of course, well known. A separate record of the 
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hissing portion of the s is given in Fig. 62. A marked disproportion 
in the amplitude of the vowel and consonant portion of the sound 
ish 19 seen in Fig. 63. and a separate record of the consonant portion 
sh is given in Fig. 64. An attempt to record the sound zhte is 
shown m Fig. 65 . In ail the cases examined the vowel gives generally 
a much greater amplitude than the consonant except in the case 
of the explosive consonants p and b, which are very short. Now 
when the consonant soonds are associated with a relatively high 
frequency as in the cases of /, s, and ish, the imperfect rendering of 
such sounds in long distance transmission is Ijkely to result. If 
ordinary conversation is conducted in such cases, however, by 
practised speakers, familiarity with the language usually enables 
the mind to fill in the gaps ; but if figures or separate letters are 
transmitted it is sometimes necessary to resort to well-known 
mnemonic devices to secure accurate transmission. 

92, Variation of the Wave Form with the l^pe of Cireolt over 
whleh the Speeeh Waves are transmitted. — The oscillograms of 
telephonic sounds vary considerably with the nature of the load 
connected to the telephone. The three examples of the letter 6 
(Figs. 54, 56, and 57) illustrate this. Fig. 54 is the record of the 
letter b when the circuit in series with the telephone and the oscillo- 
graph consisted only of 200 ohms ohmic resistance. In Fig. 56 the 
ohmic resistance was replaced by an artificial cable equivalent to 
20 miles of standard cable {Cmp. XL). In Fie. 57 the circuit 
connected to the telephone and oscillograpb was a loaded submarine 
cable having 100 millihenrys inserted at intervals of one naut ; 
the circuit length was ^ nauts. This record differs in wave foim 
from the other two. Figs. 50 and 51 are oscillograms of the letter 0, 
the speaker being the same in each case. In the case of Fig. 50 
the circuit consisted of 200 ohms, whereas in the case of Fig, 51 
speech was conducted through 30 miles of loaded standard cable. 
' This record shows the sent and received currents at the ends of 
the cable when the vowel o was spoken ; the cable was loaded with 
250 millihenrys at intervals of one mile. It will be seen that the 



lenrys a 
loading 



Eect of loading on the ampUtude is marked, lius is seen by 
comparing this record with Fig. 56 where the attenuation is'greater 
for 20 miles of the same cable unloaded. 

Lag of the Received Current m' a Submarine Telephone 
Cable 
A reference to Fig. 57 will show that the received current curve is 
displaced with reference to the sent curve, i.e. the consonant and 
vowd portions are not in the same vertical hne. In this case the 
cable length of q6 nauts in combination with the inductance and 
capacity probably reduced the velocity of propagation sufBciently 
to cause the received current to lag behind the sent current. This 
suggests a possibility of measuring the velocity of propagation by 
the osciUograph. Tne necessary details are not, however, known 
in this case. The displacement is, however, what might be expected 
from the calculated velocity and average frequency of voice records 
such as that shown in Fig. 57. 

98. Comparison of Speech Reoords taken by DlDerent Means. — 
Ip order to permit of a comparison b^ween the records t^en by 
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the method already described and given in this chapter, and other 
records taken by altogether different means, a few records have 
been taken from two independent sources. 

Fig. 66 shows records of p and b followed by the letter a. These 
records are given in Nature for October 4th, 1917. They are from 
an abridged account of a discourse delivered at the Royal Institution 
on Febniaiy qth, 1917, by Mr. Daniel Jones, entitled "^Experimental 
Phonetics and its Utility to the Linguist." The records were taken 
by means of a kymograph described in Nature in the issue of June 
9th, 1917. If the p m Fig. 66 is compared with Fig. 52 it will be 
seen;that in each case we have a straigM line indicating the unvoiced 
part preceding the explosive consonant, which latter jdso appears 
in both figures, the vowels which follow in the two cases are different 
and cannot therefore be compared. The lower b in Fig. 66 may be 
compared with the record of the voiced part and the explosive 



Fig. 66, — Reading from the top downwards — month — tracings of: fully 
aspirated p; partially aspirated p; unaspirated p; unvoiced b; and fully 
voiced b ; esicn followed by the vowel a. 

consonant in 6 as given in Fig. 55. The explosive is much greater 
in relative amphtude in Fig. 66. The compaiison of the * and b 
may be said to show the same general facts, i.e. that in the p we 
have an unvoiced part and an explosive recorded in each case. 
In the case of the 6, as was to be expected, the voiced part appears. 
The details in the two cases compared are not, however, very 
similar. 

The records of e, also / and s, in Figs. 67 to 69 are taken from a 
paper on " The True Nature of Speech," by Mr. John B. Flowers, 
read before the AmericEin Institution of ElectricaT Engineers, New 
York, February 9th, 1916. In this case the records were made by 
an Einthoven string-galvanometer, and the records are those of 
whispered speech. Tig. 67 should be compared with Fig. 47 and 

other record containing «. The letter/'" ^■- ^- '--- - ' 

resemblance to the /in Fig. 68, and the le 

of the characteristics of the same letter L. ._. . _. 

given for compaiison, so that the reader may be in a position to 
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judge for himself as to the deeree of similarity, taking into accpunt 
the difference of speakers and recording apparatus. 

94. Quality ot Speeeh In DlSerent Kinds of Telephone LInei. — It is 
well known to telephone engineers who make comparative speaking 
tests on circuits of the various types referred to, that the character 
of the speech received on such hues varies considerably in clearness 
of artioilation and pitch of sound. The speech received at the 
end of an electrically long unloaded submarine cable is relatively low 
in pitch and " drurmny " owing to the fact that the iipper harmonics 
have been more attenuated than the lower ones. Notwithstanding 
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Fig. 68.—/, as in " fee." 
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this, speech on commercial subjects can be conducted over such 
cables. A long loaded circuit is higher in pitch and has a somewhat 
metallic ring, althot^h the articulation is designed to be sufficiently 
clear. In an imloaded aerial line the speech is more natural, and 
there is very httle distortion (see Chap. X.). It is dear from the 
foregoing observations that we may have a large variation from the 
conditions of ideal speech and still be in a position to conduct fairly 
satisfactory telephonic communication over long hues. 

95. The Frequenoy ot Current Speeoli Waves.— A glance at the 
various oscillograms here given will show that the composition of 
the speech "waves varies considerably in tUfferent sounds. The 
fundamental tone of the vowel sounds varies generally between 
200 and 300 periods per second, whilst the harmonics of the vowels 
in some cases visibly exceed 2000 vibrations per second. The 
highest vowel sound recorded appears to be the letter e. The 
consonants, eXcept the explosives, have generally a less amplitude 
than the vowels, and they vary widely in the frequency of their 
fundamental tone. Now in order that speech may be perfectly 
reproduced, it is necessary that all these wave forms should be 
reproduced in the telephone receiver with sufficient ampUtude to 
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produce their corresponding audible sound, and that too with the 
same relative amplitudes as those impressed on the circuit at the 
beginning of the line; this is, moreover, on the assumption that 
the impressed wave at the beginning of the line correctly represents 
the wave impre^ed on the telephone transmitter diaphragm. 

96. Bemuks on Experiments made to determliv the Hean 
Frequeney of Speeeb. — In view of the widely varying and rapidly 
changing voice waves exMbited by the osdlloCTams nere given, it 
is a matter of great difficulty to find the mean Irequency of speech. 
If we consider the receiving end of a long telephone circuit and the 
attenuation to which speech waves are subjected in such a circuit, 
it is evident that the original relative ampUtnde of the various 
speech sounds as shown on the oscillograms, plays as important a 
rale as the frequency in determining the possibility of satisfactory 
speech. Obviously if the received araphtude of a wave is too feeble 
to permit of its audible reproduction in the receiver owing to its 
initial sftiall amphtude, even a relatively low frequency may cause 
difficulty, notwithstanding its small attenuation, whilst a sound of 
greater amplitude and hi^er frequency may be heard. A number 
of investigators have, however, made experiments with the object 
of finding the mean frequency of the human voice in telephony. 
I)r. Hayes reported experiments in the Transactions of tne St. 
Louis International Electrical Congress {1904}, Section G, pages 
648-649. A curve was given showing tne relative loudness of 
sound at various points along a telephone line as observed 
on a telephone receiver ; from this Dr. Kennelly computed the 
equivalent frequency as 803 cycles per second from the Icoown law of 
telephonic attenuation, and its dependence on frequency. M. Devaux 
Charbonnel, in " Etude sur les lignes T^^phoniques ; Ecole pro- 
fessionnelle sup^rieure des Postes et Td^graphes," Paris, 1909, 

Eage 10, found the indispensable frequencies of the voice to he 
etween 800 and 1200 penods per second ; the method adopted was 
to compare an ohmic resistance with an inductive resistance in a 
telephone circuit and to find when the two had the same impedance 
effect on speech ; knowing the value of the ohmic resistance, the 
frequency was deduced from the impedance of an inductive resist- 
ance, this being a function of the frequency ; this determines the 
upper limit of frequency. A capacity was sunilarly employed to 
find the lower limit. Prof. Breisig by an analogous method; see 
" Mitteilungen aus dem Telegraphen — Versuchsamt des Reichs- 
Postamts," vol v., page 98 ; Tubus Springer, Berlin, found the mean 
frequency to be approximately 800 cycles per second. Experiments 
made in the Research Section of the Engineer in Chief's Office, 
Post Of&ce, to find the upper and lower limits of frequency necessary 
for intelligible speech by the use of filters which shut out all fre- 
quencies above and below any desired number, led to the conclusion 
tnat the frequencies between 500 and 1600 are necessary for clear 
conversation. It is interesting to note that with all frequencies 
above 1000 cycles per second cut off, or with all frequencies below 
1000 cut ofE, the limit of conversation was reached. 

The foregoing review of some of the available evidence on the 
subject will enable the reader to appreciate the reasons for the 
adoption of a mean frequency not less than 800 cycles per second. 
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This, however, in the author's opinion should not be too rigidly 
interpreted in view of the following facts. The different sounds 
composing speech are of widelv differing frequencies and amplitudes, 
and unequal attenuation resiilts as they progress along a given line. 
Now, as the upper overtones are more attenuated than the lower 
ones, depending on their frequency, they become extinguished 
before the lower ones if the amplitudes are equal, and it follows 
that the mean effective frequency of speech must gradually become 
less as the waves progress along the line and the circuit increases 
in length. (For evidence of this see Mr. C. E, Hay's remarks in 
the discussion on a paper by the author on " Aerial Lines and their 
Electrical Constants, read before the Institution of Post Office 
Electrical Engineers in January, 1914.) So that it is difficult to see 
how any fixed frequency can hold good. The following observations 
bear on this point. 

In making tests of the comparative transmission efficiency of 
two uniform transmission circuits by means of a standard cable 
test, which is a method that has been laigely used, it does not 
necessarily follow if equality of speech is obtained with given 
lengths of the two circuits (see Chap. XI.), and if the same ratio 
of length is obtained by calculation at some one frequency, that 
therefore the real mean frequency of speech is that taken in the 
calculation, as is sometimes assumed. Consider, for example, the 
case of two high resistance cables having the same electrostatic 
capacity per mile, and having resistances R and Ri per mile. Then 
we have by (57), Chap. VIII., 

'^ ... (I) 



where w = 2irf. 

It will be seen by inspection of the ratio of p to fii that the 
frequency cancels out, and that the same ratio is obtained for any 
one frequency. In actual practice, of course, the voice has many 
frequencies, but with the same type of cable the overtones become 
progressively extinguished with length in the same way by (1), 
so that the frequency does not affect the result. If, however, the 
standard cable is compared by a speech test with an unloaded 
aerial cireuit (see Chap. X., Table 11., and note that formula (48), 
Chap. Vtll., appHes to open lines), the less attenuation of the 
overtones in the aerial line would result in an increase of the length of 
line giving the same received current as the high resistance unloaded 
line, as compared with the case where the aerial line suffered the 
same attenuation of overtones as the cable. The effect of the smaller 
attenuation of the overtones in the aerial line would in fact make 
it appear that the mean frequency of speech, as judged by such a 
test, was higher than is the case in reahty. 

To illustrate this point, suppose that the standard cable has an 
attenuation constant B per unit lenjgth, and that the aerial circuit 
dealt with in Table II., Chap. X., has an attenuation constant fii 
per unit length. The ratio £• for three different frequencies would 
be as follows ; — 
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It will be seen that as the frequency increases the ratio ^ increases, 

and ttiis means that the ratio of length of aerial hne to unit length 
of standard cable for the same received current also increases- with 
frequency. Conversely a high ratio of length as determined by a 
standard cable test might lead to an assumption of a relatively mgh 
mean frequency, whereas the relatively high ratio might be due in 

{art to the greater attenuation of overtones in the cable than in 
he aerial Ime. In any case the frequency cannot be directly 

deduced from the ratio ^, because p varies approximately as the 

square root of the frequency, whilst Pj is nearly constant withchange 
or frequency. 

Whatever may be the explanation, however, there is no doubt 
that the result of comparative speech tests on transmission lines, 
made by means of the standard cable, agree fairly well with a 
frequency assumed to be not less than 800 cycles per second. 

vJ, Conclusions. — (a) Telephonic speech waves may be regarded 
in the great majority of cases as having attained the steady state. 

(6) The question of the mean frequency of speech involves many 
complex factors, some of which do not yet appear to have been 



and for a considerable range of frequency on both sides of it are 
of great importance in telephony, 

(d) For practical purposes, sine wave calculations based on a 
mean frequency of Sio cycles per second, may be used for the 
calculation of the results to be expected in speech tests.on telephonic 
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98. Introdactorf Remarks. — Although the transmission formula 
developed for the direct current, and alternating current cases, are 
the same (compare Appendix I. and Chap. III.) there is a marked 
difference m the calculation of the fonmux in the two cases. The 
direct current case is, in fact, only a particular case of the more 
general one which deals with alternating currents. The detailed 
application of the latter, which involves vector quantities, is much 
more involved than the former, which only requires the use of 
scalar quantities. 

It must now he assumed that the reader is sufSdently familiar 
with Chapter I., including the portion entitled " Simple Harmonic 
Motion and the Sine Function, to follow the further developments 
and appHcations in this chapter, 

99. Phase with Relerenee to the Sending End of the Line. — The 
propagation of a current of sine wave form, and its attenuation in an 
infinite hne, are illustrated in Fig. 7, A series of exactly similar 
sine waves are generated by the source of energy joined to the line, 
and these are transmitted along the circuit. The current at the 
sending end is shown at the moment when it starts from zero, 
and it is assumed that the current has reached the steady state. 
If a pcant on the line be taken where the wave has its maximum 
amphtude at the same instant as the current at the sending end 
of the line has the value o, say, for example, the point marked 
9 on the horizontal line of Fig. 7, the phase at the latter point is ^ 

radians, or 90 degrees different from that at the sending end. When 
the maximum amplitude is attained at the sending end, the ampli- 
tude of the current at the point 9 is at its minimum i.e. zero ; but 
the difference of phase between the sending-end and point 9 is still 
90 degrees, and so long as the velocity of propagation and the 
mipressed sine wave form and frequency remam constant, the phase 
diflerence will remain constant. The same reasoning apphes to 
the phase difference at any other point on the Une, and it may be 
positive or negative. It is evident from the figure that there may 
be a number orpoints on the line with the same phase difference with 
reference to the current at the beginning of the line. If a point on 
the line is considered by itself, however, without reference to any 
other point {say the case of point qinFie. 7), the current in its propa- 
gation past that point passes through all possible instantaneous 
values/times per second, in this case7 = 75o. 
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100. Amplitude and Vector.— So long as a fixed voltage is im- 
_ pressed at the sending end, and the circuit conditions remain 
" constant, the maximum amplitude at a given point will be unaltered. 

In practice it is preferable to consider tne current or voltage at any 
point on a transmission line in terms of its maximum amplitude 
and phase angle, as explained in Appendix I., in preference to the 
instantaneous value of the current or volts. In Figs, i and 6, 
Chap. I., A represents a maximum amplitude which is constant 
whatever be tne angle ^ or ^ + trt, and by para. 29, Chap. I., 
it follows that any voltage or current on a line may be represented 
by a vector, andm Appendix I. (20) an application of this equation 
is given. The vector quantity of volts or current thus defined has a. 
constant modulus at any fixed point on a transmission line, no 
matter what the - phase an^e may be at any given instant, and 
therefore the ratio of two vectors at any two points represents 
the ratio of the maximum volts or current at those points, as the 
case may be. 

101. Propagation ol Volts and Cnrrent In Infinite Line. — The 
combined attenuation and change of phase per unit length of the 
volts and current in an infinite line is given by the complex attenua- 
tion constant or propagation constant, and this is by Appendixes I. 
and II. 

y = fl +ja = ViR+j^mG+jwC) . . . (i) 

The current entering the infinite line is determined by the 
characteristic impedance Zg, and by Appendixes I. and II. 



^.=x/f 



±55 (a) 



= Ii, and 
the current at any point / on an infinite line-is by (2), Chap. II. 

^"=1-^-1-" ■ ■ • ■ ■ <3) 

Similarly the volts at any point / are by (i). Chap. II, 

E2 = Eie-»' 
If Eo is divided by Ig we obtain f^ = Zn 

Now Zq is a constant, and since j-^ is a constant quantity at 
any point of the line, the volts must, therefore, be attenuated in 
accordance with exactly the same law as the current, and further, 
as the constant Zq is generally a vector with an angle, the volts 
and current have eveiywhere the same constant phase difference. 
These relations only hold for an infinite line or for a finite line closed 
at the receiving end by an impedance Zg equal to the characteristic 
impedance of the Ime, u is assumed to be constant. 
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The current and voltage at intermediate points on finite lines 
follow more complex laws, and these will now be investigated. 

102. Current at uty Point ;« In a Unilorm Transmission Line of 
any Length, Short Cironlted at the Receiving End.— In Figure 70 






Miiiiriiii- 



It is th 



the total length of the circuit from i to 3 ; 
is the variable distance of x from the sending end; and 
- /j) =s /o is the variable distance of x from the receiving end 2. 
If Y is the propagation constant, the following relations will hold : 

yl = the line angje S 
A= .. .. Oi 

The formula for the .current Ix&t xis deduced as follows : — 

By (17). Chap. III., ■ I. - z^,igr4>a-c-oar. 

where Za is any terminal impedance. If Za be substituted 
by a transmission hue having a sending-end impedance Za, the 
combination in (17), Chap. III., will be unaltered as regards its 
sending-end impedance, as will be further evident from a reference 
to formula (15), Chap. III., for such an impedance. Now Za is 
unrestricted as to magnitude, and it may be replaced by any 
impedance Z<i =Zi =Zo tanh fl^. See (6), Chap. III. If, then, a 
line be substituted for Za in Fig. 16, and this line has the same 
characteristic impedance Z^ as the line l^, Fig. 70, the junction 
of the two hues will be represented by x. Fig. 70, and the length of 
Une added will be that shown as l^ in the same figure. 

Formula (17), Chap. III., is now modified as follows : — 

I^ = Ej 

Zo sinh 01 + Z(, tanh #2 cosh 9i 



Zo (sinh 9i -l-tanh $2 cosh 9i) 



lx = = 



El cosh gg 



Zq sinh 9i cosh '6^ + Zg sinh 6z cosh $1 

_ Ei cosh flg _ Ei cosh tfg 
Zo sinh {fli + fl7) Zo sinh B 
[See {42), Chap. I.] 
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As an application of {4) the following illustration will serve :— ■ 
Since (/ — /i) =^2, then if h=z- « is at the middle point of /, 
and therefore y/i=y/2. or #i = tfj=-. In that case (4) becomes 

1* = ^ — ri ^ ' h r^= ^ * 6 • (^> 

Zo( sinh ^ + tanh - cosh -\ 2Z0 sinh - 
"2 2 2/ " 2 

This is the current at the middle point of a line closed at the 
distant end. If the line had been closed direct at the middle point 
the current at that point would be 



Zosinh? 

by (10), Chap. III., seeing that the Urte angle is now -. 

It follows from (6) and (7} that the current at the middle point 
of a line which is earthed at the distant receiving end is half that at 
the same (middle) point when the line is earthed direct at that 
point. 

108. Current at any Point xinit oniform flnite Traiumission Line 
open at th« BeeeiTlng Bnd.— The mode of procedure applied in the 
preceding case applies to this case also, and Fig. 70 illustrates the 
conditions if the receiving end is disconnected. In place of 7m in (17), 
Chap. III., Zo coth 9, which is the formula for the sending-end 
impedance of a line disconnected at the distant end, is now sub- 
stituted [see (5), Chap. III.]. The required current Ix is then 

T- = El /g\ 

Zo sinh fli +Zo coth fig cosh tfj ■ ■ ^ ' 
Multiply and divide (8) by sinh flg, and we obtain 

j^ _ E] sinh 9g El sinh gg 

Zo{sinh ?i sinh ffg -|-cosh 6^ cosh B^ Zo cosh (ffi + fla) 

whence lx=^^^ (9) 

Zo cosh 8 

104. Voltage at any Point in a uniform Transmission Line of any 
Length closed at the Receiving End.—Since £ = IZ, the voltage at 
any point may be found by multiplying (5), which is the current at 
any point * when the receiving end is closed, by Zp tanh So. which 
is the impedance measured from x with the sending end closed. 
We thus obtain 



El cosh 62 ^ , , „ El sinh ffj 
= Zosinhfl ^ ^» ^"^ "= - sinh fl 



(10) 



105. Voltage at any Point on a Uniform Transmission Line ol 
any Length open at the Receiving End.— The required result is readily 
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found by the same method as that adopted in the preceding case. 
We then obtain by (9), and {5). Chap. III., 

^ , „ El sinh 0z „ ,. „ E, cosh flo , . 
E»-I»E»-2^-j5j-^xZ„coth»,= ^^;j^ (II) 

106, Relation between Volts and Current in Finite Unes. — It is 
easily seen that the relation between volts arid current in finite 
lines does not ^ve the same constant phase relation as was found 
to be the case m an infinite line. The relation between the volts 
and current at any point a: in a line closed at the receiving end is 
J— = Zg tanh 9g, which is the impedance measured to the receiving 

end from x. When the line is very long tanh 0^ is constant, and 
this is the uniform condition for the mfinite hue. If, however, 
the line is finite the phase difference and change of magnitude of y- 

is measured by the variations of tanh 6^ where flg is a complex angle. 
For small values of ffj, tanh flj changes rapidly as the angle changes ; 
but as Sj increases in magnitude tanh 6^ changes less rapidly, and 
after S^ = i the change is slow {see Fig. 73). 

107. Power at ftny Point of a Transmission Line of any Length 
elosed at the ReeelTins EDd.— This is obtained by multiplying (5) by 
(10), these being the current and volts on such a line. We have 



(K) 



p _ El cosh $i El sinh B^ _ Ei^ cosh O3 sinh 6^ 
~ Zo sinhT ^ sinh 8 ~ Zo sinha 8 
Since sinh 28^ = 2 sinh #a cosh 8^ (12) becomes 

p Ei'siah2flB , . 

■^^ ~ 2Z(, sinhs 8 (^3J 

108. Power at any Point x in a Transmission Line of any Lenctli, 
open at the Reeeiving End. — We have agam Px = Exix, and ther^ore 
miiltiplying the appropriate equations for volts and current we 
obtain from (9) and (11) 

p _ El sinh gg . , El cosh gg Ei^ anh 8^ c osh flg , . 
~ Zocoshfi ^ cosh 8 ^ Z^'^h^ e ^^'*> 

As in the case of (12) the numerator of {14) may be substituted 
by El' sinh 2gg ^^^ ^j^j jjjgjj becomes 

Py_E ,' sinh 2 ^8 
"^^ ~ 2Z0 coshs 8 

U) to (14) refer to D.C. or A.C, cases, but it was convenient to 
devaop the foimulae here. 

109. Examples In the working of Alternatins Current Problems. — 

It has already been pointed out that the only difference between 
alternating current and direct current transmission formula is that 
the former involve vector quantities, whereas the latter do not. 
The difference is, however, one that involves considerable com- 
plexity in the alternating current case, and in order to illustrate 



^.y Google 



98 TELEPHONIC TRANSMISSION 

the method of stdving such problems some worked examples will 
now be given. 

Example i. — Calculate the characteristic impedance and the 
attenuation constant for standard cable, which has the following 
constants per loop mile : — 

Resistance (R) = 88 ohms 
Inductance (L) = oooi henry 
Capacity {C] = 0-054 microfarad 
Leakance (G) = i micrombo 
Assume to = ztt/ =^ 5000. 

This example furnishes the method for calculating the transmis- 
sion data given in Table II,, Chap, VIII. It should be noted that 
although (36), Appendix I., gives a formula for the direct calculation 
of the attenuatioi^ constant, this formula is not used in this case, 
as it will be found sunpler to calculate the real part of the propagation 
constant y by (i) which gives exactly the same result as (36), 
Appendix I. 

We have 

y = v'(R+;"L)(G+;«cj [by(l)] 
From (18). Chap. I,, we deduce 
E +;«L = VK'+»«i,Ytan-i ^ = A/J - 8814 /3° 15' 

= Ai/^i =f270Xio-'> /89°4/ 



A/£ 

Ai/^i A^LZ n 270XIO-«^ 

by (24) Chap. I. And 



Hence Z„' ~ ±l± = ^ U - 1,, = ^Ml±-^\^6^' 
" A./.*. A.LI Zi 2Trt St ro-« * -*^ 



by (a6), Chap. I. Also 
y = V'AAi( /^ -t- ^i) see (23),Chap. I. = V88-4 X 270 X io-« / 93° 2' 

= ^XaJ-^^ see (26), Chap. I. =01543 /46° 31' 
= Ag/ ^g = p +Ja = O'io6i6 +y o'ni93 

where o=A2 sin fj andp=AaCOS ^ (see Fig. i, Chap. I.). 

This example will serve for reference in future smiilar cases, 
it will not then be necessary to repeat the full details here given. 

Example 2.— (a) A double wire underground circuit consisting 
of 70 lbs. Cu conductors, and having the constants given in Table I., 
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Chap. II,, has lo volts applied at the sending end. Assuming 
that the Une is infinitely long, find the distance from the sending 
end and the value of the current at the point where p/ = i and where 
|8/ = 2. What is the value of the characteristic impedance of this 
circuit if <o = 5000 ? 

R +jtuL = 35-14 +5;' = 25-63 /11° 15' 
G +y(uC = io-» + 325 X 10-^' = 325 X lo-B /8 9''49' 
.'. y = ^25*63 X 325 X io-« /ioi° 4' 
= 00913 /5o°32' = 00380 +;■ 007Q5 



and , ' Zo = \/ ^pxio-^ ^78° 34' = 280-84X39° J/ 

If ^ = I, then 

I = 5- = 17-24 mis. 

0-0580 ' ^ 

hence <U = 1-2145 

Current at this point ' 

= 1^ (from (2). Chap. II.) 
£,(, 

10 xe-^ xe-l ■-' 

" 280 84X39° i; 

= 13-099 X 10-8X30° 18' amps. 

= i3'099 Xso" 18' miUiamps. 

[See (19), Chap. I. and (24), Chap. I.] 



If /« = 2, then 

^=5^ = 34t7nils. 
hence at = 2-4291 

Current at this point 



I0X£ 



280 84X39° ^/ 
_ 13533 \i39°"' 

280-84 \39° 1/ 

== 4-819 X 10^X99° 54' amps. 
='4-819 Xgg" 54' milliamps. - 

Example 3. — Find the sending-end impedance and current, and 
also the current at the receiving end of a closed double wire 70 lbs. 
unloaded telephone cable circmt, which has an attenuation length 
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such that pl = i when the impressed vintage is lo vohs, having 
given that 2irf — 5000. 

The charactenstic impedance and propagation constant may be 
taken from Table II., Chap. VIII. 

We have Zq = 280-84X39° 17' 

a =0*070462 
^=0-058016 

e = (p+ja)l, anditisgiventhat ^ = 1, .■. f =| = , l^ ; =17-24 

whence • a/ = 1-2145 a°d ^ = (^+j^'3M5) 

Zi = Zo tanh e (by (6), Chap. III.) 

Ii=Z^^f^y(9).Chap.III.) 

i'=zjb.-s(''y(^«)-*^^p"^) 

From (78) and (79), Chap. I., we deduce 

sinh ip +ja) = sinh j8 cos a +j cosh J! sin a 

= sinh I cos 1-2143 +/ cosh 1 sin 1-2145 
= 1-1752 X 0-3488 +; 1-54308 X 0-9372 
= a +jb = Al_4_= (0-4099 +;i-4462) = 1-5032 jj^^To' 
cosh (p +;a) = cosh j8 cos o -\-j sinh ^ sin a 

= cosh I cos 12145 +ysinh i sin 12145 

= 1-54308 X 0-34*8 +y 1-1752 X 0-9372 

= «i +}h = AiUi = {0-5382 +;i-ioi4) = I -2258 /63° 5/ . 

^''^J ' cosh(je+;a) 1-2258 /63'' 5/ 

A/^ A 

" si7^ =x- J*~*i = 1 2263/ 10° IV 

Zi = Zo tanh (I = 280-84X39° i/ X 1-2263 /io°i3 ' 

= 28084 x^ i'2263(\39° i7'+ /io° 13' ) 
= 344-4X29° 4' vector ohms 

I' = Z. t!ii . = 31;^^- = 'y't""- /?2V amps. 



ZosiohS 280-84X10° ly X I-TOIZ /74' i"* 
= 23 -eg X io-« \34° 53' amps. 
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By means of the data given in the foregoing example, the 
impedance and current at the sending end, and the receiving-end 
impedance and voltage, with the line open, may readily be found 
by the aid of formulae (5), (8), and (13), Chap. III., and it 



may also be verified that -^ = — ^— ^ as given by {12), Chap. III. 

This latter equation is frequently useful, and it is easily s " " 
the relation in question holds. We have from Example (3 



Y seen that 




Example 4.-— The circuit described in question 3 has now a set 
of telephone apparatus joined in series at each end of the line as 
represented in Fig. 18, Chap. III. The impedance of the two sets 
is the same, viz. 425/45°. Find the received currejit Ig by means 
of formula (23), Chap. III.. Ei =10 volts. 

As in the preceding example Zq = 280-8^39'' 17' 



.-. Zo^ = (28o-8\39° i/)2 = 78849X78° 34' = 15630 -';77284 
Za2 = (425 / 45° oQ g = 180625 /90°o' = o +; 180625 
Z(,2 + Z«2 = 15630 +;■ 103341 = 104510 / 81° 24' 

Z„2 +Za2 i045iQ /8i°24' 
" J = „ „, „ _, = 3722 / 120° 41' 

2o 28o-8\ 39° Jf 

I E. 

/ Zo" + Za" ^ sinh g + 2Za cosh 6 

The values of anh and cosh B are the same as in Example 3, 
we therefore have 

J 10 

' 372 -2 / I2Q° 41^ X I 5032774° iQ'+2 X 425 / 45° X I "2258 / 63° 57 



559'5 / 194° 51' + 10418 / ^08° 5/ 

10 

-540-8-y 143-4 -338-3 +;9875'4 

It should be noticed that as 194° 51' is an an§^e in the third 
quadrant the horizontal part of the vector is from n^t to left and 
tne vertical component is downward, and therefore both are 
ne^tive, 108° 57* is in the second quadrant, and in this case the 
horizontal component only is negative. 
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= 8'22 X I0-* \ 133° 46' amps. 

A comparison of the current in this case with that obtained 
in Example 3 shows that the vector current has been reduced from 
23'6q to 8"22 milliamp^res with a large change of angle, b_y the 
addition of the necessary apparatus, at the two ends of the circuit. 
The maximum power in tne sending and receiving apparatus is, 
however, obtained when the impedance of the apparatus is equaj 
to that of the characteristic impedance of the hne, (See Chapter Vll.) 

Calculation of EquivaUm T fifid n Circuits. — ^In construct- 
ing such circuits for practical telephone use the double T and 
n circuits are much more useful than the single T and n form, 
owing to the fact that the former are sjmimetrica] when joined to 
double-wire telephone circuits, whereas the latter are not. The 
difference between the two will be seen by a comparison of Figs, q 
and II and 20 and 21. Examples of T and single n circuits will 
now be given ; but the data sufnce for both types. 

It is necessary in the alternating current case to take frequency 
into account, and the frequency selected is such that 2wf—5ooo for 
reasons given in Chap, V. All the constants given are " effective " 
values at that frequency. The proofs of the formulas are given in 
Appendixes III. and IV. 

Example 5. — Construct T and n circuits to be equivalent at 
(D = 5000 to 20 and 46 miles of standard cable. Which of the two 
arrangements is the more suitable for use in these cases, and why ? 

Now g = (oio 6i6+;o in93W See Example ir 
and Zo = 571-4X43° 16' } 

lfl = zo mis. 
then =21233 -}-/ 2-2386 

tanh | = tanh (i-o6i6 4-/1-1193) [(80), Chap. I.] 
_ tanh i-o6i6 +j tan i'iiti3 
~ I +J tanh i-o6i6 tan I'ligs 
^ 7864 -t-y 2-0625 

I -i-y 1-6220 

_ 22073 /69°/ 

~r9056 /58°^P 

= 1-1583 / 10° 46^ 

sinh 9 =sinh (2-1232 -1-^2-2386) [by {78), Chap. I,] 

= sinh 2-1232 cos 2-2386 +j cosh 2-1232 sin 2'2386 
= 41182 X (--6163) -i-;42379 x 7875 
= -2-5381 -|-y3-3374 
= 4193 / 127° 15' 



oy Google 



ALTERNATING CURRENTS APPLIED TO LINES u 
.-. Zosinhfl = 57i-4\43''i6' x 4193 / 127° i5' = 2396 / 83° 59' 



and 



.,..f -11563/10° 46--4933\54^ 



also ^=5Zr4>43;i^ = 136-2X170- 31' 
sinh* 4-193 / 127° 15' ^ ^ / -> 

and Zfltanh | = 57i-4\ 43" 16' X 11583 / 10° 46' = 661-9X32° 30' 

The equivalent circuits for 20 mis. of standard cable are therefore 
as shown in Figs. 71 and 72. 




Fig. 71, 
661-9 \32'30- 6a-9 \32°30' 



The n circuit is the more suitable because none of the impedances 
composing it have an angle greater than 90°, so that it can 
be made up without the aid of a transformer. The impedance 

2396/83° 59' can be represented by a coil of 25i'i ohms in resistance 

and 4765 mhys. in inductance ; the impedance 493"3\ 54° 2' by a 
resistance of 28q'7 ohms in series with '501 mfds. 

If i= 46 mis. 
then = 4'8834 +j 51488 

.-. tanh ^ = tanh (2-4417 +y2-5744) 
^ -98497-; -63707 

I -y - 98497 X -63707 
^1-1 731 \32° 54' 

I — j -62750 

_ 1-1731X32'' 54' _ 

1-1806X32° f 



Y}^9\^°^r 
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sinh e = sinh (4"8834 +/ 5'1488) 

= 66-036 X -42362 — /66-044 X -90631 
= 27-90 8-/59 856 
= 6604 \65° o* 



.-. Zosinh 5 = 571-4 \ 43° 16' x66-04\65''o' = 3774X108° 16' 
and _Zo ^57i-4\43° ^6' = 573-5 yj^^- 
taiih| ■9959V 0° 4/ 

Zotaiih| = 57i'4\43'' 16' x -9959X0° 47' =569-1X44^' _ 

_Zo ^ 57r4\43°i6' _ 865 /gi°44' 

sinhe 66-04 \ 65° o' 

The T circuit is the more suitable in th is case for the same 
reason as given before. The impedance 569-r\4^° 3' can be repre- 
sented by a resistance of 409 ohms in series with -505 mfd, ; the 
impedance 865 / 21° 44' by a coil of 8'03 ohms in resistance and -64 
mhy. in inductance. 

These exfunples show that there is not always freedom of choice 
between an equivalent T circuit and an equivalent n circuit if 
transformers are to be avoided. Generally, but not always, either 
the T or the n cireuit permits of this being done. It should be 
carefully noted that these circuits as calculated are only strictiv 
correct for a frequency such that 2ir/ = 5ooo. In order that they 
may satisfactorily replace cables with uniformly distributed con- 
stants for speech tests, it is necessan' to demonstrate by experiment 
that speech conducted on real cables and equivalent circuits gives 
similar results as regards attenuation and distortion of speech. 
It is also of importance that the theoretical constants found by 
calculation are such as may be reproduced in practical construction 
in a compact and economical manner. 

Some e^eriments bearing on these points have been made in 
the Post Office Laboratory on a circuit similar to that shown in 
Fig. 72, and the results are indicated in the chapter on Alternating 
Current Measurements in connection with Fig. 128 in that chapter. 

Exam^ 6. — A 70-lbs. double wire circuit having the constants 
shown in Table II., Chap. VIII., is closed at the receiving end without 
apparatus. Show by a curve how the impedance varies as measured 
at the sending end of such a line when the circuit is gradually 
increased in length from fil^o to §1= 4, observations being con- 
tinuously taken as the length is increased. By (6), Chap. III., 
the impedance of a closed circuit is Zq tanh B for any value of B, the 
variable part of this Is tanh $ where fl is a complex angle. Fig. 73 
shows the relation by means of a polar diagram. The curved line 
shows tanh 8 and the figures marked upon the curve from 'i to 4 
are the values of pi, and tanh 8 has then the value indicated by the 
curve. Example, when Bl = i-o the angle of tanh 9 is then a little 
over 10° and is positive. The corresponding vector is 1226, as 
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shown bj; the diagonal scale at the foot of the curve. The angle 
of 10° mil be found on the right-hand edge of the graph, and 
it is opposite pi = i. The precise meaning of the curve will be 
• made clear by Example 3, which includes the calculation of tanh 0, 
and it will be seen that in the example taken the value is 
tanh (i +j 1-2145) =12263/ 10° 13'. which ^rees with the curve. 



Fig. 73. — Polar Digram, showing variatioa of tanh $, for a 7o-Ib3. 
underground line of any length. 

In order to obtain the value of the impedance, which is Zp tanh fl in 
this case, it will be observed that Zo is multipUed by 122D3 / 10° 13', 
the value just found from the curve, and the exfunple shows how to 
complete the calculation. In a similar manner the impedance of a 
closed ^o lbs. cable circuit for any line angle between and 4 may 
be obtained by the aid of the curve. A study of the graph brings 
out some points of interest ; for example, for small values of $ 
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the value of tanh 6 is nearly the same as 6, and it may be deduced 
from this that the impedaiice of a short line is practically Zo*. 
The curve also shows that after p/ = i'25, the change of the line 
angle 6 is relatively small, the range of variation being about* 
^ degrees between the extreme limits. Also after |8/ = 3 the angle 
is nearly constant. We then have an electrically long line, and the 
curve beyond this point approximates closely to the requirements 
of an infinite line. In such a case tanh 9 approximates to i, and 
the curve shows the vector to be i and the angle o. i.e. the impedance 
and the angle between the current and volts becomes constant 
after this pomt, although for small values of 6 the curve shows that 
they vaiy considerably. 
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CHAPTER VII 

REFLECTION AND POWER IN TELEPHONE CIRCUITS 

1 JO, GenBral Remarks. — The motion of waves in transmitting media, 
and their partial or total reflection when the nature of the medium 
changes, are familiar phenomena in Sound, Light, and nther branches 
of Physics. Maxwell discovered that waves of light are electro- 
magnetic waves, and Hertz showed that electromagnetic waves 
travel at the same speed as light, and are capable of being reflected 
and refracted. 

Oliver Heaviside appears to have been the first to explain 
phenomena which occur at the boundary of unequal impedances 
m transmission lines, by the action of partial transmission and 

fiartial reflection of the electric waves at such points. {See " Elec- 
rical Papers," vol. ii. p. 131.) In accordance with this theory 
it will now be assumed that both volts and current are so reflected 
and transmitted. It will further be supposed that the harmonic 
variation and propagation of waves of volts and current act in an 
analogous way to other waves in media where their properties can 
be more readily demonstrated, such, for example, as waler waves, 
and the vibrations of strings, and the reader is referred to treatises 
for fuller details, (See, for example, Franklin's " Electric Waves," 
and Prof, Fleming's paper read before the Royal Society entitled 
" An Experimental Method for the Production of Vibrations on 
Strings, Illustrating the Properties of Loaded or Unloaded 
Telephone Cables."} It will be shown that these assumptions 
of wave motion combined with elementary known electrical con- 
ditions at any point where reflection occurs in a transmission line, 
furnish the necessary data for the formation of reflection formulse 
which may be used to develop transmission equations such as those 
already deduced in Chapter III. The conditions necessary for the 
establishment of transmission without reflection in a telephone line 
are also important in connection with the study of transmission 
losses. 

When electric waves are propagated along a unifonn trans- 
mission line of infinite length they travel with uniform speed and 
are continuously and uniformly attenuated, in accordance with 
foimtilK (36) to (38), Appendix I. This in fact is the only case 
where reflection in a transmission line does not exist, if we except 
the case where the conditions of the infinite line are fulfilled by a 
finite circuit which is closed through an impedance equal to that 
of the infinite line. If the line changes in impedance, the velocity 
of propa^tion changes by (38^, Appendix I., and this change is 
accompanied by reflection. Consider the hnes represented in 
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74. We have two circuits in series, one being of finite, and the 
tner of infinite length, having characteristic impedances Zq and 
^'0 respectively. The volts and current arriving at B from A in 
the first instance are supposed on the reflection theory to have 
exactly the same value as if the line were a uniform and infinite 
one, i.e. thevtdts are Ej =Ee"' and the current Ij = p-f~', where 
E is the impressed voltage at the sending end of the hne, Zq the 
'■ . 

E Jl h^ . 

^]||a_£o B ^ 



Finite Line Infinite Line 

Fio. 74. 

characteristic impedance of the line A6, and 8 the line angle of that 
circuit. A portion of the volts and current thus defined are trans- 
mitted at B along Z'o and a part reflected from B to A, the 
magnitude of the transmitted and reflected portions depending on 
the relative impedance of Zq and Z'^, If Z is infinitely great or 
zero the reflection is total, but the volts and current are differently 
affected in these two cases, as will shortly be shown. The waves 
reflected at B return to A with undiminished velocity and they are 
totally reflected at that point (if the generator has no resistance), 
and return to B, where the previous action at that point is repeated, 
and this process theoretically continues to infinity ; each time that 
the current arrives at B the same process of partial transmission 
and reflection is repeated, the reflected waves as they run to and 
fro between A and B are continually attenuated in the same way as 
if the lei^th AB were part of an infinite and unifonn line. 

111. Reflootion at the Junction of Two Inflnlto Lines. — On account 

I1 



Hi 



* Infinite Line ^ Infinite Line ^ 



Fig. 75. 



of the simplicity of the infinite line case it will be convenient to 
consider it first. Fig. 75 shows two lines of infinite length 
joined in series, Z, and Zq being the characteristic impedances 
of those lines. The same result would be obtained as regards 
reflection, if the line AB were short and the generator had an impe- 
dance Za. We will suppose that the line Z« remains constant in 
impedance, but that the line Zq may be changed for any other 
line of infinite l^^h with a different characteristic impedance. 



itizecy Google 



REFLECTION AND POWER IN TELEPHONE CIRCUITS 109 

which may have any impedance value Z^ frcan zero to infinity. 
It will be convenient to consider the limiting values zero and infinity 
of 2(1 at this stage. In each case the volts and current reflected at 
B are respectively e<iual to the incident volts Ee~' at that point, 
and to the current j-fi"*. The results of this total reflection may 
be interpreted by the aid of the known electrical conditions at 
B when the line is disconnected or earthed at that point. The 
assumption of total reflection in these cases is in accordance with 
the physical analogies referred to, and also with well-loiown 
properties of electromagnetic waves, apart from other considera- 
tions ; and it will be seen that the formulEe deduced on this supposi- 
tion are in accordance with other formulae deduced independently. 
lis. Relleetlon at the Disconnected End of a Transmission Line. 
— In Fig, 75 let the line 2o be disconnected at B. It is then 
known that no current exists at the point B, seeing that the 
■ impedance at the disconnection is infinite, but a resultant voltage 
E3 is known to exist there, due to the action of the impressed volts 
at the sending find on the impedance at the receiving end, and 
Ej is known to be of the same sign as the impressed volts. Let 
the volts Ee~* incident at B be caUed Et and be positive, let the 
reflected portion of E^ be Eg, and the resultant of Ej and Ea be £3. 
Similarly, let the current incident at B be I^, the reflected current 
Ig, and the resultant value of L and Ij be Ig. Since we have total 
reflection we know that £1= Eg, and, as already stated, we know 
that the resultant voltage Eg is not zero and is positive. It follows 
that Eg is positive, for otherwise Ej— Ea=o, which is not the 
case, therefore we must have 

Eb = Ei+E2=2Ei (I) 

As regards the current at the same point, since the resultant 
of the incident and reflected currents is known to be zero, and since 
total reflection exists we must have 

l3 = Il-Is!=0 (2) 

Formula (i) and (2) may be stated thus : At a point of dis- 
connection, the incident voltage is equal to the reflected voltage 
and of the same sign ; the inddent current is equal to the reflected 
current and of opposite sign. 

113. Reflection at the Sbort-clrenlted End of a Transmission 
Line. — In this case the resultant volts Eg = 0, since the line is at 
zero potential at B. A current, however, exists at B due to the 
sending generator and the short-circuited or earthed line. In the 
case of both volts and current we have again total reflection. The 
value of Eg is obtained thus 

E3=Ei-Ei = o (3) 

This follows from the fact that Ei = Ej, and Eg is known to 
beo. 

The corresponding current equation is 

I8 = li+l8 = 3li (4) 
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This follows from the fact that Ij =I2, and Ig is greater than 
o and positive. 

Foimulx {3) and (4) may be defined thus : At the short-circuited 
end of a transmission line, the incident voltage at that point is 
equal and of opposite sign to the reflected voltage ; the mcident 
current is eqnaTfo and oithe same sign as the reflected current. ' 

It should be noticed that in the cases of both disconnection 
and short circuit the reflected voltage is of opposite sign to the 
reflected current. 

Combining equations (i) and (3) we have 



(5) 



When the voltage has these values the simultaneous value of 
the current is from (2) and (4) 

I8 = ll + l2 (6) 

The reversal of sign in the case of Ej and Ij in (5) and (6) indi- 
cates that Eg is always of opposite sign to Ij. 

114. Verlfleatlon of Formoln derived by the Befleetion Proeess. 
— ^The results obtained are in accordance with formula- already 
developed in Chap. III. To show that the volts would be doubled 
in a ■ disconnected infinite line as compared with the volts at the 
same point in a line of indefinite length, we have by {i). Chap. 
II., E8 = Ee"*, where Eg is the voltage at any point (say point 
B, Fig. 75) in an infinite line. If the line were discoimected at 

the same point the voltage would be — j— ^ by (13), Chap, III. 
The ratio of these voltages is 



E«-' 



= e 'cosh $■ 



A'' + '-") , -...! + '■ 



cosh fl 
Now in an infinite line e~' may be neglected, and therefore 
the ratio becomes i, i.e. the voltage at point B in an infinite line 
is baU that at the same point when the line is disconnected at that 

§oint, or, in other words, the voltage at a disconnected point is 
ouble that of the infinite line at the same point, which agrees 
with (i). When the line is earthed it is seen from para. 53 
that the current is doubled as compared with the infinite line, 
and this agrees with (4). In both these cases the results are 
expr^sed in terms of the voltage and current at the point B in 
an infinite hne, the value in the infinite line being taken as i for 
comparative puiposes. 

lis. Partial Transmission and Refieotlon fn an Inflnlte Trans- 
misslon Line at the Junction of Dnequal Impedances. — Fig. 75 
illustrates this case. Equations (5) and {6) also apph', because 
the algebraic sum of the incident and reflected volts E^ and Eg, 
or current Ij and I2, is always equal to the resultant or transmittea 
volts or current E3 or Ig, and equations (5) and (6) are the mathe- 
matical statements of these facts. As regards the signs T)f voltage 
and current in this case, Ei and I^ are still always positive, and are 
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fixed by the infinite line equation. If a fraction m^Ei = Eg is 
transmitted, where wij is less than i, then (i— mi)Ei = +Ea is 
always reflected. We will, however, merely assume that tWiEi = Eg 
and show how to obtain expressions for the coefficients of trans- 
mission and reflection by means of equations (5) and (6). The 
sign of E^ may be + or — , and it may be determined as follows : 
The sign is + when Zq (Fig. 75) is greater than Za, for in that case 
the impedance at B is increased as compared with a uniform 
impedance Z« throughout, and the voltage Eg is also increased, 
i.e. it becomes greater than Ee~^ = Ei owing to the fact that the 
impedance at B is now greater than the infirate line impedance Za. 
In that case Eg must be positive. At the same time the current 
Ig diminishes for the same reason, and is always oppoate to Eg in 
sign ; the + sign meaning that the voltage or current at B, Fig. 75, 
is greater than would exist in the uniform infinite line Za, and 
the minus sign meaning that it would be less. 

116. Coefflelents of Transmission and Refleation. — From tfae 
preceding definitions, bearing in mind that equations (5) and (6) 
hold good for cases of partial reflection and transmission, equations 
will now be developed for the value of the coefficients of transmission 
and reflection expressed in tenns of the impedances Za and Zg. 
It must be borne m mind that Eg is always opposite in sign to Ig. 

To deduce the Coefficients of Transmission m^ for Volts, and m for 
Current, 

Caseia. E3 = Ei+Eg (7) 

lz = h-h (8) 

At the same time we have, as may be deduced from Fig. 75 
and the previous definitions — 

Eg ^ I3Z0 1 

1;:!;!:) "> 

Let Eb=WiEi as stipulated in the preceding paragraph, and 
insert this value in (7), 

then mjEi =Ei -I-E2 or E^ = (m^ — i)Ei . . (10) 

By the aid of (9) and {10) equation (8) may be written 

whence """zf+z; <") 

This is the coefficient of transmission for volts. 
The .<;oefiident of reflection is therefore 

'-""-'-zfrE-ijfl • • <"' 
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Case lb. — The coefficient of transmission m for curren( is 
derived from (7) and (8) as follows : — 

Let I9 = mil 

From {8) imIi = I, — Ig or Ij = I,(i —m) 

From (7) and (9) IgZo = IjZ^ + IsZ, 

and .-. M»IiZo=IiZ« + Ii(i —m)Za 

Whence mZo = Z, + (i — m)Z. or m(Zo + Z^) = 2Z„ 

""^^"""^ ""^zf^, (^3) 

This is the coefficient of transmission for the current when {7) 
and (8) hold good. The coefficient of reflection is therefore 

I_„_I_^„_^^^_^ . . (14) 

Case 2 [a). To determine the coefficients of transmission and 



When £3 = El -Eg (15) 

and I3 = li+l2 (16) 

Let Eg =ff(iEi as before 

Then by (15) j«iEi=Ei— Eg or Es = Ei{i—mj) 

From(i6)and{9)^J=| + ?-il^^ thatis?=^^ 

whence wi = w — j^y {17) 

This is the same as (11), and therefore the coefficient of trans- 
mission for volts is the same whether Ej has a plus or minus value. 
It follows that the coefficient of reflection for both cases is that 
given by (12). 

Ciise 2 (o). The coefficient (w) for current is derived from (15) 
and (16) as follows : 

Let l8=«Ii (r8) 

From (16) mil = Ii + 12 or \^ = {m — i)Ii 

From (9) and (15) \^f> = \^ — \^^ 

whence wIjZo = I^Z, — (»« — ijI^Z. .... (19) 

or mZo = Z,+Z. — mZ, 

or m(Zo+Zfl)=2Za 

whence ?» = a .^ ....... (30) 

In this case also the coefficient of transmission has the same value 
as in (13), and therefore the coefficient is the same whether Ig is 
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positive or nerative, and it follows that the coefficient of refiection 
for current is the same as (14), whether Ij is positive or negative. 

It will be seen, therefore, that there is only one coefficient of 
transmission and one of reflection for volts and for current respec- 
tively, at any given point. 

It these equations be applied to the limiting impedances of 
zero and infinity the same results are obtained as previously 
deduced. For the resultant voltage with the line disconnected 
or short circuited we have by (11) 

_ zZq ^ 2 Infinity _ ^ 
'"»~Z, +Zo~ 2-+ Infinity ~ 

I.e. the resultant voltage is twice that which would be obtained 
on an infinite line at the same point. Similarly by {13) the current 
with the line disconnected is obtained. We have 

— 2Z,- _ 2Zj _ 

*"~'Za +Zo~Z.-t- Infinity"'' 



"Z. +Zo" 



2Z, 2Z, _ 

"-Z. +Zo-Z, +0 

These results agree with the previous deductions. A reference 
to equation (13) and para. 58, Chap. III., will show that an 
expression similar to the coefficient of transmission was developed 
from entirely different considerations. 

The reflection and transmission formul* deduced in the pre- 
ceding equations will now be applied to two concrete, cases to show 
the method of application. 

It should be noted tha 
formed from consideration 
true for any length of line if all the jeflections and transmissions 
are taken into account. The i nfini te line was utilized because it 
limits the reflections to one in each case. The following problem 
shows a method of applying the formulse to a concrete case. 

117. Formation of Transmission Equation by the Proceis of 
Reflection. — To find the combined impedance of a transmission line 
of any length between two constant impedances. — In formula (26), 
Chap. III., an expression is given for the receiving-end impedance 
of a transmission line of any length with similar apparatus at both 
ends. The following problem is identical with tiiat one in its 
main features, as will now be shown. 

Fig. 76 represents the case of a short line in the middle of two 
Indefinitely long lines, and we will now develop a formula which 
permits of the attenuation in the circuit being computed. A further 
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aspect of the problem is to find a fonnula for the transmission loss 
between A and D as compared with the transmission loss which 
would exist if Za = Zn. Za and Zo are characteristic impedances. 
Let Zo be variable ana Za constant. 

II aT~ ~ CD 

Infinite Line finite Line Infinite Line 

Fig. 76 

Transmitted CurretU. — If the current incident at a point A in 
the infinite line Za is Ig, 

The current at B becomes 2^Zi ^ ^* ^^ *^°^'' 
The current arriving at C from B is I, ^— . ^^ ^"*. call it Ij. 
Then the current at C tteing Ig the current at D is ^ 1 °^^ X la- 
Note that Za and Zq are in turn used in the numerator of the 
transmission coefficient ; the impedance of the section preceding the 
change of impedance to which the fonnula refers always appears 
in the niunerator of «. * 

Reflected Current. — The current on arriving at C splits up into 
two parts, the transmitted current (already dealt with) and the 
reflected portion I a|^^|° . which is reflected back to B, where it 
has the value l3^=|9e-», the portion ^^^ oi this current is 

again reflected back to C, and it there becomes ^siTr^r^) *"**' 
This process of reflection is indefinitely repeated. 
Summation of Reflected and Incident Currents. — If we designate 



incident "current, and repeated reflections, will be 
y = h + lsx+lapfi+l^s+ 

= h(l+X + xi+x3+ . . . .) 

= U^^^^^-<>{i+x + xi + x^+ ) (21) 

The quantity in the brackets is a geometrical progression, and 
X is less than i. By (14). Chap. I., the sum of an infinite number 
of terms is ■— . If « = i the total current at C may therefore be 
written 
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At the point D this becomes 

T T 2Z0 T 2Zn 2Za .-a I t, . /„^\ 

Now it can be shown without difficulty that this fonnula gives 
the same result as (23), Chap. III. Tms latter fonnula was, <rf 
course, devdoped from different considerations. To prove that 
the two formulae lead to the same result it will be convenient to 
deal with the impedance corresponding to (23) as here developed. 
If the voltage at A, Fig. 76, isE];, and the current at Dis I^asin (23), 
we have -jf- = Z^, and from (33) above we obtain 

Substitute the value of x and we obtain 

_ E. .((zj+ZjOf _ (z..+z,)va.-Z|i V.-i,) 

_S, MZa-+Z„)' (Z^-Z„)' Ml 
V( 4Z«Z» 4Z«Z„ j 

_Ei.,( Za'+ Z„' I 2Za2„ .-m/' Z^'+Z.' aZ«Z,\) ,^, 
-Vi-4Z5Z„ "^jZiZ-o t, 42<.Zo iZ5Z;/J i^' 

This impedance is developed in para, 62, and is given by 
(26). Chap. III., and the latter is easuy converted to (26) above: 
thus from (26), Chap. III., 

Z|i- ^'+^°' sinh » + 2 Zacosht 

- '^'+Z»' |'- ^'+V '-^ + 2Z»f + 2a.!l' 

Now (26} and (27) only differ m the fact that ^ in (26) is 

replaced by 2Za in (27). This difference is due to the end conditions 
of the circuits under consideration. A reference to the relative 
circuit diagrams will show the difference (see Figs. 18 and 76). 
In the one case a line of any length is terminated at each end by 
apparatus having the same mipedance, whilst in the other case a 
line of any length is terminated at each end by similar infinite 
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lines. In each instance a line of any length is thus inserted between 
two constant impedances, and that porrion of (26) and {27) in the 
outer brackets shows how the received current at D in Fig. 76, 
and in the receiving apparatus in Fig. 18, is affected by the fact 
that the impedance of the inserted line differs from that of the 
two impedances between which it is inserteii. It is evident by 
inspection of (26) and (27} that if Zq = Za the whole quantity in 
the outer brackets reduces to i, this assumes that Za and Zj, have 
the same angle ; we then have the condition for no reflection and 
the equation reduces to that of the infinite line. This equation 
may be written as follows : — 

. ^-M4-(l+i)+l+-'*l5-i(l+g)}] 1^' 

The effect of the angle of the vector impedances Za and Zo in 
this case is dealt with in para. 121. 

An equation similar to (28) was given by Monsieur Devaux- 
Charbonnel in " Les Cables Td^honiques Soumarins," in La 
Lumiire EUctrique, 15th lune, 1912. See also Prof. Breisig's 
" Theoretische Tfl^graphie,'' p. 302, and " Note sur le Calcul (fes 
Reflexions dans les Lignes Composdes," by M. H. Pleijel in the 
" Comptes Rendus de ia Conference Internationale des Techniciens 
des Administrations des Td^graphes et des Tfl^phones de I'Europe : " 
Paris : Impiimerie Nationaie, 1910. The subject is also dealt 
with in Dr. Kenndly's " Application of Hyperbolic. Functions to 
Engineering Problems," chap, vi., and Prof. Fleming's " The 
■Propa^tion of Electric Currents in Telegraph and Telephone 
Conductors," p. 63. 

It is evident from the consideration of {26) and (27) that the 
same result is obtained whether the formula be developed by the 
method of Chapter III., and Appendix III., or built up bythereflec- . 
tion process. 

k"^ lis. Reflection at the Ends of a Finite TransmlBBion Line open 
at one End and closed at the other. Expression lor Volts at the 



HI 



Finite Line 

Fig. 77, 



RoceiTing End. — The preceding example shows a method of dealing 
with reflection at the boundary of unequal impedances, the following 
example shows the case of a finite line as depicted in Fig. 77. The 
earthed generator E has no resistance, and the disconnected 
line AB is of finite length. The example is given by Dr. Kennelly 
in the chapter quoted. The problem is to find the voltage at the 
open end of the line. The first voltage wave by hypothesis acts 
as if it were in an infinite hue. The voltage E, after transmission 
to B, has the value Ee"^, by (i). Chap. II. It is reflected 
there and has then the value zEe"' by \{i). The reflected 
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wave Ee~* then travels back to A, where the incident voltage 
is Ee"**, but the reflected wave is —Ee~^' by (3). On arrival 
again at B the voltage increment is — Ee"*^, and, as before, this 
quantity is doubled at that point and becomes —2Ee~^^. The 
reflected part — "Ee"^ is transmitted to A, where it has the value 
— Ee~** before further reflection. It travels back after reflection 
as Ee~*^> and on arrival at B after reflection has the value zEe"^. 
" This TOxess is theoretically continued to' infinity, the total volts 
El at B being the sum of an infinite series which has the value 

Ei = 2E{6-«-e-''«+e-^*-e-^»+ . . .} 

= 2E»-«(i ~e-^ + e-*»-e-^+ . ...) . (29) 
The series in the brackets is a geometrical progression, and by 
(14), Chap, I., the sum to infinity is "' , where a = i and r 

in this case has the value —e~^ and therefore —^ = ^ „. . 
Therefore (29) has the value 

1 T J. ^-39 gB _^ g-g 

{30} 



Which agrees with (13), Chap. III. 

By the application of formulae (i) to (20} numerous transmis- 
sion equations may be developed, but the more important ones 
for our purpose have been already developed by other means, 
and it is not necessary to repeat them. It is seen from the preceding 
investigation that some light is thrown on transmission losses at 
the junction of unequal impedances by taking reflection into account. 

Now it is possible to investigate such losses from^juite a different 
point of view, i.e. by the appHcation of energy equations, to find the 
contfitions for maxmium power at the junction of impedances in 
transmission lines, and as the method is relatively simple, and the 
subject of great importance, it will now be dealt with. 

119. Relations between the Power In Terminal Apparatus at 
the Ends of a Uniform Transmission Line and the Relative Impedanee 
of the Line and Apparatos. Introdnotory Remarks. — In order to 
understand the transmission phenomena which occur in a telephone 
circuit with speaking apparatus at either or both ends of the line, 
it is necessan' to have a clear idea of the effects of changes in the 
vector impedance of the apparatus and Une, on, the power in the 
circuit, and the conditions which govern the maximum power in 
the apparatus at either end of the line. This will now be considered 
as a power problem, without taking reflection into accoimt. The 
following cases will be dealt with :— 

(a) A uniform transmission line with apparatus at the receiving 
end. 

(6) A uniform transmission line with apparatus at the sending end. 
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(c) A uniform transmission line with similar apparatus at both 

ends of the line. 

(d) A uniform transmission line with apparatus of different 
* impedance at the two ends. 

It may be remarked at the outset that the mathematical expres- 
sion which shows the relation between the vector impedances of 
the line and apparatus and determines the power in the apparatus, 
is the same in its main essentials in the first two cases, and the 
elucidation of the fourth case (li) results in the conclusion that the 
best result is obtained with similar apparatus at both ends of the 
line and comes in the same general category as the other cases. 
Case (a) will therefore be examined as lully as appears to be 
nece^ary in the first instance, and the other cases will be examined 
sufficiently to make it clear that the same general conclusion applies 
to them. In ail cases the impedances are vectors, bid for convenience 
the angles (i, ^i, etc.) are only introduced when necessary. 

Case (c) refers to current only, but the mathematical expression 
deduced is covered by case (a), and it is therefore included, 

120. Power In the Beeelviiig Apparatnt and Adjuent Line in 
a Trsiuiiilsslon Clrooit of any Length closed thiongfa the Apparatus 
at the SeofliTing End. — Case (a). — Fig. i6, Chap. III., illustrates this 
case. The line without the apparatus has a resistance Z^ = Zq tanh 9 
by (6), Chap. III., and it is now required to find what impedance Za 
must be given to the receiving apparatus, taking into account that 
Za and Zn are vectors, in order that it may atsorb the maximum 
amount of power with a fixed volta^ £x ^^ ^^^ sending end, and if 
nothing changes but Za. By (17), Chap. III., we have 

I E, 

' Zo sinh e + Za cosh 6 
The power in the apparatus Za will be 

P = VZa=^2„ sinh e + Za cosh fl)2 " " ^^i) 



I 2o(Zo Ednh fl + Za cosh S)^ ,,^, 

P = ~ Ei^ZoZ^ . ■ ■ 132) 

_ Z|)(Zo' sinh' fl + Za' cosh' 6 + 22oZa cosh 6 sinh 9) 
Ei'ZaZo 
Zo /Zo< sinh* * + Za* cosh' 8 , „v - - >. o\ 
^&y 2aZe -+2coshgsmhg) 

-i.{{^-^+^^^) + ^^^c^^] (33) 

Let the impedance Zq be written Zo /^ and Za become Zaj^^ 
where both Zq and /^ and Za and / ^1 may have any value. 

It will be convenient at this stage to write a for sinh* 6 and b 
for cosh* 6, fonnula {33) then becomes 
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■ P-e;^R''zJ?1: + 'z^)+^V«4| • (34) 

By (18), Chap. I., this may be written 

and by (24), Chap. I., this is 

p-^[{«i^'"''+4:«""-"}+^vsj (35) 

Now /(#, — #) = —j{^ — #,) and therefore (35) may be written 

p-|^*[Mi'«*-*'' + '|'"'"''| + ^VT»] ,36, 

121. Effects of Impeduiee Changes OD the Beeetved Power In a 
Transmission Line. — These effects may be elucidated as follows. 
Fium (7), Chap. I,, (36) may be written— 

+ *^{cos (♦ - *,) -j sin (^ - W; + 2 sinh » cosh »1 
-^{»§cos »- W +«g; sin W- W 

+ i^ cos (♦ - ^1) - i^ J sin (^ - ^,) + 2 sinh « cosh »} 

+ (a^ - 6^) i sin (# - #0 + 2 sinh 9 cosh (»} 

To separate the Angles from ike Modulus. — If only Z« varies 
construct a diagram of the vector quantities containing the variable 
Za, thus 



(af:-&zfjSin(<^-4>,) 




Fig. 78. 
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(36) may now be written 

|tan-i^ +2-\M . (37} 

Squaring the quantities in the brackets under the root sign 
we have 

Mj^L«?«*{cos' (* - (I,) +sin» (^ - «} ^ 

|tan-V, +2Vg[ . (38) 









Now cos* (^ — ^1) + sin' (^ — ^1) = i, and therefore (38) may 
be written 

I tan-i^ + zVabl . (39) 

This gives the same result as (34), but it gives the moduH and 
angles separately and the efiects will now be investigated. 

Minimum Value of ike Modulus.— Ihe only variable Za in (39) is 

in the expression (a^g-^ + *'^) 

If the constant quantity a'Zo^ is called a^, and' the constant 
quantity =^ is called 61, the expression becomes (^ + biZaA. 

which is similar to {89), 'Chap. I., and therefore by (90), Chap. I., it 
is a minimum when 

a=Zo»_S2Za2 „ /«"_?? 
"ZP Z^ ^'^ V6 Z 
But by definition 

./? = ./?^ = tanhfl = |- . .' {40) 
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Insert this value of w- in (39) and we then obtain 
+ cosh* - 



.^Zo-' + 62Z?J = sinh* <» ^^^ + cosh* <» ^J5^; 
Za* ' Zo« sinh' 9 cosh= 6 



= 2 sinh» fl cosh" ff=- 

It should be noticed that since ■=- = tanh 8 the angle ^2 = 

since by substitution of tanh 9 in the vertical of Fig. 78 that 
component is o. 

By sutetitution of {41) in {39) we obtain 

+ sinh2ffl . (42) 
If (^ — ^1) = 0, this becomes 

The effect of the angle may now be seen as follows. 
If the angle (^— *0 is 90*, then cos {^— ^i) = o, andsinh (^—^1) 
= 1 and oosSf^ — ^1) — sin'{^ — ^1) = — i ; therefore (43) becomes 

or p=^^=-sinh2S .... (43} 

The effect of the angle in this case is to double the power P 
as compared with (42) ei seq. A practical case occurs where the 
angle (4> — ^1) =90° approximately, when the standard apparatus 
{see Fig. 135} is connected to the standard cable. 

Now (42) and (43) are for Unes of any length, and it is evident 
that the value of (43) for the case of a long line may be written 

General,Formulaefor pin the Case of aLongLine. — If the values 
of a and b are inserted in (39) we obtain 

+ 2 sinh* * cosh2 fl/cos^ (^ - *i) —sin* {^ — ^O}] 
I tan-1^2 + 2 sinh S cosh ff j . . . (45) 
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If the line is very long this becomes 

T?^|v H i6 z«»+ i6 z„n + 

^j(f2! ^(i2!(co5! (*-^,) -sin' (*-«} 



.VI 



Zo/i«»ri| /rz,V7zii" 



|tan-ife +2 . (46) 
If Z|) = Za and (^ — ^J ==0 this becomes 

If {^ — ^1) = 45° and the hne is long, a useful formula is obtained 
for the case where the standard apparatus is used on loaded lines, 
for the angle of the apparatus is 45 , and the loaded line has a very 
small ai^le. 

If {^ - *i) = 45°, cos2 a - #1) -sinM* ~ *i) = cos" 45° -sinMS" 
= i — J = o. Formula (46) then becomes 

If in {46) ^ — ^1 = 90 and Za = Zo we have 

This last result, and other' cases where Zo=Za, may be illus- 
trated vectoiially, for the quantity under the root sigii in {46) is 
a special case of the quantity under the root sign in (39), which 
is the equivalent of the quantity in the mner brackets in (36). It 
this latter expression be modified for the case of a long hne, we 
obtain 

,=^('?!l^l»-»J +??«-''♦-'■') ■ • (49) 
■' 4\Za ^0 y 

If Za = Z(, the quantity in the brackets may be written 
y=cos{4.~ 4>i) +j sin (♦-*!)+ cos (# - *i) -; sin (* - *.) 

= 2C0S(^-^,) 

If for convenience we write ^ for (#—^1) we have 

y = (cos 4s +j sin ^a + ^°^ *8 -J sin ^s) = 2 cos ^3 (50) 
Fig. 79 illustrates this case. 
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Two similar vectors e**' and «"'*> are here represented. If 
we imagine the two vectors to revolve in opposite directions with 
equal speed and the angle ^g to steadily increase from 0° to 180,° 
the two vectors are equal and the sum of the angles is always 
2 cos ^5. If the angle =0° the vectors are together along the hori- 
zontal hne from the centre to the right. If ^3 — 90° the vectors are 
both in the vertical position, and 2 cos ^g = o. This means that 
when Za — Zq, and the angle is 90°, the quantity under the square 
root sign in equation (46) = o, which corresponds with the result 
obtained in (48), as denoted by the quantity under the root sign. 
When the angle is o then 2 cos ^3 =; 2, and if tne value of the square 
root factor ■'"■■■ . < . 



r in (46} be taken when (^ — ^1) = 0, this wi 




90^"'^,^ 


K' 


|t,M- 


/*3 


\ 




^5 ^ 


»*3 




-s^,^ 





to give the same result, as shown by the example following (46). 
Similarly if the angle ^g is 45°, then 2 cos ^s = 2x707 = 1-414. This 
is the case given in (47), and if Z,, ==Za the square root of the quantity 
under the root sign is V'2 = i'4i4 in agreement with Fig. 79. 

If the vectors are rotated into the second and third quadrants 
2 cos ^g becomes negative, and if they are rotated to the angle of 
180°, 2 cos ^g = —2. The physical limitations of the problems whitji 
arfe hkely to require solution here do not appear to involve an angle 
of (^ — (tj) = ^3 greater than /I35° . i.e. a limiting angle of apparatus 
impedan ce o f /go" and a line of characteristic impedance with an 
angle of \45''. ~~ 

122. Power in the Sending Apparatus and Adjacent Line In a 
Transmission Clrooit of any Length closed at the Receiving End 
without Apparatus at that Point.— Case (S).— Fig. (16), Chap. III., 
illustrates the case, but in this instance the batteiy is applied at 
the other end of the line. The resistance of the apparatus is Za, 
and that of the line Zq tanh 6 by (6), Chap. III. The sent current 
is therefore 

Za + Zo tanh tf ^^i) 



Ii = 
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The power in the sending apparatus Za is 

' ^ (Za + Zotanh9)' ■ ■ " O^J 
. I _ 2o(Za+2fltanhg)8 ,. . 

■ ■ P ~ Ejii&iZo ■ • ■ t53) 

_ ZoiZflS + Zo« tanhs 6 + zZaZo tanh «} 

Ei^ZaZo 
_ Zp j/Za , Zota iihgfl\ , ^ . ^i 

— _ .. ^" . i^^foclia fl -L ^0 ^h' cosh' g\ , 2siiihecosh»tfl 

-Eli coshi gl'.Z^'=°^' "+ Z« cosbM j + ^^"9 / 

_ Zq f/Zn sinha Za cosh" «\ , . , „ . „\ , , 
-Ki^coshaoit,^^^ + -^To J +^ sinh # cosh fff (54) 

Now the quantity in the outer brackets in (54) is the same as 
that in the outer brackets in (33). In each of these formulae the 
ouantities outside the brackets are constaiits for the purposes of 
fliis investigation, and as the determination of the maximum power 
depends upon the quantities within the inner brackets, the two 
formuhe lead to the same general result. 

123. Teimlnal, Lobs in Tranimiaslon Lines. — Case (c). — In this 
case the problem is to find the effect on the received current of a 
difference in the impedances of the apparatus and the line, in a 
long circuit with similar apparatus at both ends. It will be shown 
that the required formula in this case can be reduced to an expression 
covered by the investigation in case {a). 

In order to develop an equation to express the.so-called terminal 
loss formula it will be convenient to adapt (23). Chap. III., to 
the required conditions, when the meaning will be easily shown. 
We have here the case of a circuit with similar apparatus at both 
ends. In that case 

If the line is indefinitely long this may be written 

I'j = _ ^iZfl = 2EiZ2_ , , 

f!(2^s+Zo"+2ZaZo) A2a+Zo)« 
2 
This is the general expression for the current at the receiving 
end of a sufficiently long line. 
If Za =Zo (55) becomes 

'' = W = W ■ • • • (56) 

^ (55) is multiphed and divided by zZa it becomes 

J, E^e-a 4ZaZo , , 

« 2Z« (Za+Zo)E ■ ■ ^^'^ 
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This equation has evidently the same value as (55), and since 
(55) and (57) give the same result we have 

i;~ Ei<!-' (Za + Zjjs 

~^2m 



m 



(59) 



and therefore Ll_^_ t^+^' 

i^ Zs 4Z«Zo 

This may be written 

4ZaZo ^ 4ZflZo ~ V 4ZaZo ^ 2 / ~ 4^,20 ^Za^^)^^' 
If the an^e be expressed, the formula for terminal loss is the 
quantity in the outer brackets in (46). If we equate this quantity thus 

/tan-' ^ + 2')] (61) 

then #1 may be treated as an attenuation, and (61) is the same 
as {59) if Za and Z^ are vectors in the latter equation. 

l|4. Power in the BecelTing Apparatus and Adjacent Line at 
the End ol a Tranamisslon Line of an; Length, the Line having 
Apparatus joined to It at both Ends. — Cose [i\. — Fig. 19 illus- 
trates this case. The resistance of the receiving apparatus is 
Z6, and by (30), Chap. III., the received current in Zo is 

J El 

" ( ^"^ +2^2^- ^ sinh 9 + (Za+ZS) cosh fl 

Now Zfl and ZA are vectors, the power in the receiving apparatus 
Z6 = P = Iz^Zft, therefore writing p as before, we have 

To find the minimum value bring this to the form of (89), 
Chap. I., as follows : — 

i _ i {(V + Z5?*! sinh . + 2i±a) cosh .f 
P Ei^'. Zov/Z5 VB 1 

I j Zo'sinh9+ZgZ6 sinh fl + ZpZg cosh fl+ZoZ6 cosh g )g 

I f Zo(Zo sinh g + Za cosh 0]+Zb(Za sinh g+ZoCOsh(? )\g 
~E?( Z„v/ZS ' 

1 t Zn smh fl + Zfl cosh g , 

-E^n VZl 

^ ^^ (Zg sinh . + Z. cosh .) |' ^^^^ 
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As Zb is the only variable, the portion in the outer brackets, 
as in the preceding cases, is of the same form as equation (89), 
Chap. I. 

If we write a =Zo sinh 9 + Za cosh #, and 6 =■ ?^ii!^-*+^a£^5L? 

^0 
then by {90}, Chap. I., we have (or a minimum value of p and ■ 
a maximum value of P 

Zq sinh + Za cosh 6 ,-_ (Za sinh # + Zn cosh 0) -c , 

vzs =vzb-~—~z-r^ — (64) 

Whence 2S = Zo<Zol^J +Z^^?!M ^^y 

" Za sinh O + Zq cosh e ^ ^' 

Now the expression on the right-hand side of {65) is the same 
as (15), Chap. III., and it is therefore the impedance of a line 
with apparatus joined to its distant end and dosed there, as shown 
in Fig. 16, Chap. III. Consequently the maximum power in Zb 
is obtained when its impedance is equal to that of the combined 
line and apparatus to which it is joined. If Za = Zg the equation 
reduces to Zi = Zq. Formula {65) gives the best impedance (or 
maximum energy in the receiving apparatus. If, however the best 
impedance for the sending apparatus Za when joined to the 
combined line and Zb be considered*, it may be expected in the 
light of the preceding results to be obtained when 

™ „ (Zo sinh $+Zb cosh 9) ,„, 

^" = ^»Zis mh«|z.co8 h-« ■ ■ • (<*' 
and this may be proved in exactly the same way as in the case 
of (65). In order that Za and Zb may simultaneously have the 
best impedance when one of them varies at one time we must 
haveZa andZft— Zq. It is easily seen that Za=Zb=Zpis a solution, 
for if Za^Zoin (65^andZ6=Zoin (66), then the equations reduce. to 
Zb = Zo and Za = Z„. In actual practice each end of a circuit is 
alternately used for sending and receiving, and the solution 
Za=ZA=Zo meets this case also. It follows that a circuit must 
have similar apparatus at both ends if the best result is to be 
obtained. The power at the receiving end of a line with similar 
apparatus at both ends is given by {67) as deduced from (28). 
Since Z^ = yi the power in the receiving apparatus Za is 

VZa-^.thatis 

The quantity in the outer brackets is the same whether the current 
or the power is in question. The quantity containing the variable 
impedances (including their anries) in the outer brackets, viz. 

effect of varying the modulus is shown in para. 121. 



^.y Google 



REFLECTION AND POWER IN TELEPHONE CIRCUITS 127 

125. CoDDluslotis regarding Eflect ol Impedsnoe. — The following 
conclusions may be drawn from this investigation : — 

(a) The maxlmuni power in the apparatus at the end of a 
transmission line is obtained in all cases when the modulus of the 
impedance is equal to that of the line or the combined line and 
impedance to which it is joined. 

(b) The effect of a change of angle when the impedance changes 
is in all cases to give an improvement in transmission. 

For this reason the so-called " terminal loss " may really 
amount to a gain in some cases as compared with the infinite line 
con<Ution, i.e. the condition when the modulus of the characteristic 
impedance of the infinite line is equal to that of the ap_paratus, 
ana the angles are the same in each case. For example, the eSect 
of the standard apparatus on the standard cable is to give a material 
improvement as compared with the infinite line condition because 
the an^e (^ — ^1) = 90° in the former case, and is o in the latter 
case, whilst at the same time the ratio =^ is not very far from 

equality. 

The case of loaded hnes is of importance. The angle {A — ^{j 
approximates to /45° when the standard apparatus is used, since 
the angle of the apparatus is 45° and a loaded line has a very small 
angle. Formula (47) then applies. It should be noticed that 
even in this instance the angle has a more favourable effect than 
it has in the case of the infinite line. If, however, we adopt as a 
practical zero the case of the standard apparatus connectea to the 
standard cable, then by comparison the loaded line connected to 
the standard apparatus has a marked loss. It is in fact the frequent 
occurrence of this combination which has given rise to the term 
"terminal loss." 

(c) It must not be overlooked that the angular effect is calculated 
for a frequency of 800 cycles per second, whereas the voice fre- 
quencies are many and various, and it is not easy to see the precise 
effect of angular changes on transmission. It appears, however, 
from the preceding investigation that any angular change in the 
impedance at the junction of two impedances gives an miprove- 
ment in transmission, as compared with transmission in the infinite 
line, so that some improvement on this account may be generally 
expected, and this is found to be the case. Calculation at one 
frequency only, however, when the angle is large, does not always 
agree closely with the results of voice tests. 

126. Applloattons of Foimulee. Calculated and Observed Efleets 
of Terminal Loss. — It is convenient and useful in telephonic trans- 
mission for piirposes of comparison, to express current losses at the 
junction of unequal impedances, in terms of the attenuation on an 
infinite line, which would produce the same current loss. Thus by 
(4), Chap. II., =^ = e~', that is the current ratio *2 between two 
points at a distance / apart is «"' where 8 ^yl and y is the attenua- 
tion constant per mile. If =? = 05, this means that a current in 
the infinite line is reduced to half its sending-end valu€ when the 
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line angle is 8. SimUarly if at the sending end or any other 
point, the current is reduced by half owing to a change of impedance 
ratio y^.the result may be expressed as equivalent to an attenuation 
such that e-^i = 0-5 where ft = log, o'S- 

Now Fig. 80 shows the efiects of a change of impedance at 
the ends of an infinite line, for all values of jr£ between i and 4. 
The case illustrated is the theoretical curve for a long loaded line 
connected to the standard apparatus at both ends of the line. The 
relative formula is (61) with the proviso that cos2(i—^i)=sin*{^—^i) 
as shown in connection with (47). The value 61 is plotted against 

9S. Here 6, represents the equivalent attenuation of the terminal 

loss, and Zg and Zn are the moduli of these impedances at 800 
cycles per second. The equation- plotted is 

ft = log* i(V^B + i^ /tan-^^ + 2) ■ . (68) 
Zg_Za 
It will be seen by Fig. 78 that tan ^=|2 — ^,ifcos(^-*i) 

= sin (^ — <ffi) and sinh 8 = cosh ff. 

In actual practice, however, the infinite line condition here taken 
as the standard of reference is not the ultimate one, but instead, 
the combination of the standard apparatus with the standard cable 
is selected as a standard of reference. The standard cable has a 
characteristic impedance of 571X43° 16' and an attenuation constant 
of 0106. The theoretical terminal loss between the standard cable 
and any loaded line, as determined by comparative speech tests, 
made by the standard apparatus (which has an impedance on zero 
loop of 425/45° ohms), may be determined as follows, on the 
assumption that the same attenuation is produced by the voice 
as is calculated for a fixed frequency. In this case 800 cycles 
per second is the frequency adopted for the calculations. Thus, 
it is seen by Example 2, Case (a), at the end of the chapter, 
that the effect of the joint impedance of the standard apparatus 
and standard cable is to give a negative loss, i.e. a gain 
in transmission amounting to ft = — 06216 as compared with 
transmission on the infiniteline, whereas by Fig. 80 if a loaded line 
having an impedance whose modulus is four times that of the standard 
apparatus be taken, there is an actual loss amounting to 0'35 nearly, 
as compared with transmission on the infinite line. The infinite 
line supposed in both cases is the hypothetical one whose impedance 
is 425 /45''. The total loss of the loaded hne as compared with the 
standard cable, when the standard apparatus is used is therefore 
06216 +o"35 — 09716. If this quantity be divided by o'io6 we 
obtain the number of miles of standard cable which would produce 

the same attenuation, i.e. f7 = 9T6. Now Fig. 83 shows the 
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results of actual speech tests of loaded lines by comparison with the 



standard cable (see Chap: XI. for details of standard cable 
tests), and it is interesting to compare the results. For the ratio 
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^ = 4, the terminal loss was found by voice tests to be 77 miles of 

standard cable. (See also an experimental curve give by Mr. B. S. 
Cohen in an article on " Standard Cable Measurements " in the 
Post Office Engineers' Journal for April, 1913, p. 13.) Now the 
experimental result does not vary largely from the theoretical one, 
and from this it is evident that the theoretical improvement due 
to the change of angle is largely realized in practice. If this were 
not so the terminal loss on the standard cable, if the angle were 
n^lected, would be a positive one instead of a negative one, and 
the total tenninai loss would be very diSerent to that actually 
observed. The total theoretical loss for the case of a loaded line 
compared by the standard apparatus with the standard cable is 

^^i^iniles of standard cable . (69) 

where 8, is the value found from Fig. 8o, 

127. Transition Loss. — If two long circuits of etjual impedance 
are connected to the ends of a ciicmt of different unpedance, the 
transmission losses due to the unequal impedances are known as 
transition losses. If the change of angle in passing from one 
impedance to another is 45°, Fig. 80 applies to this case also. This ' 
is m fact approximately the case of long lengths of the standard 
cable joined to each end of a long loaded cable. A practical applica- 
tion is provided in the case of a loaded cable having an impedance 
ratio of 2 : i as shown in the curve (Fig. 80). It is found experiment- 
ally that when long lengths of the standard cable (10 miles usually 
suffices) are joined to such a loaded hne the terminal loss practically 
disappears ; and it will be seen by the curve that such should be 
the case. Also, as the standard apparatus is connected to the 
standard line in all conditions of the comparison, and this combina- 
tion is the practical zero, no loss occurs at the point of junction of 
line and apparatus. This test in these conditions provides a means 
of detemuning the attenuation due to the cable apart from tenninai 
loss. 

In cases where only one junction of unequal impedance requires 
to be taken into account, half the value shown in Fig. 80 for the 
same value of s^ will give an approximately correct result. 

For the case where the lines have no angle, or only a small angle 
floaded hnes), or where the hues Za and Zq have the same an^e. 
Fig. 81 has been prepared. This experimental curve is taken from 
an article by Mr. B. S. Cohen on " Standard Cable Measurements," 
in the Post Office Electrical Engineers' Journal ioT April, 1913. It 
is the result of speech tests. The dotted hne curve on the same 
graph shows the losses arrived at by calculation by the author 
from formula (60) at 800 cycles per second. 

128. Terminal Loss with Diftorent Lengths of Local Line In Qrotitt 
with the Standard Common Battery Instruments.— Fig. So gives the 
theoretical terminal loss for the case of the stanchird apparatus 
joined direct to lines of different impedances. In practice, however, 
some length of subscriber's line is generally in circuit with the 
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standard instrument (see Fig, 135, Chap, XI.). The curves shown 
in Figs 82 and 83 have been plotted to show the theoretical 
terminal loss when the standard circuit has different leneths of local 
line, consisting of standard cable, in series with it. The termiiial 
loss at a frequency of 800 cycles per second has been calculated for the 
following cases, viz. — 

The standard apparatus with all lengths of standard cable from 
o to 6 miles in its local circuit, is connected in turn to both ends of 
three long trunk circuits consisting of 

(A) Aloaded cable having characteristic impedance of 1700 ohms 
and no angle. 
6 
M.6,C. 
LOSS 



3 
IMPEDANCE RATIO. 



(B) A loaded cable having characteristic impedance of 850 ohms 

and no angle. 

(C) A long length of unloaded standard cable. 

Referring first to C, Fig. 8z, at the foot of the graph. This 
curve shows that when standard apparatus is joined to a long length 
of standard cable the gain with zero loop (which is the case worked 
out in Example 2 (a)) is a maximum for any length of local line, and 
that the curve approaches more and more nearly to the zero line 
in the Fig., or line of no loss, as the length of subscriber's line is 
increased. In the case of the line Imving an impedance 2o = 1700 
ohms, the condition is reversed. Here the loss as compared with the 
line of no loss is greater on zero loop than at any other point 
on the curve. In toe case of the line with an impedance of 850 ohms 
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thete is very Uttle loss with any length of local line as compared 
with the infinite line. 

The theoretical terminal loss on a line having an impedance 
Zq = 1700 ohms at a frequency of 800 cycles per second, by com- 
parison with transmission rai the standard cable when the standan] 
apparatus is used in both cases, is the sum of the vertical lengths 



S-i-o 

3 
J 

-«'0 
-3*0 



-6-0 

Fig. 82. — Theoretical Tennioal Transmission Loas and Gain. 
Standard apparatus with local lines of difierent lengths, at 
the end of three loi^ lines of difierent types. 

between A and C for any given point on the abscissae or horizontal 
line, and similarly for the lengths B, C. 

A graph of these values, which is the theoretical value of the 
termincd loss, is given in Fig. 83, and dotted curves of observed 
results of speech tests are added for comparison. It will be seen that 
the general character of curves is similar in the two cases, although 
there is a maximum difference of 1*3 mis. of standard cable between 
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the observed and calculated results. When, however, it is remem- 
bered that the calculated results are largely affected by the magnitude 
of the an^es of the line and apparatus as calculated for one fre- 



u 



5 4-0 



M.SC. IN LOCAL LINE. 

Fic. 83. — Terminal Tratumissiou Loss at both ends of long loaded 
lines, by comparison with the standard cable, when the standard 
apparatus is used. Solid lines, calculated. Dotted lines, speaking 
test. D and F^Heavy loading. E and G=Light loading. 

quency, and that on the other hand the voice involves a lai^ number 
of frequencies, the difference is not surprising. As a matter of fact, 
standard cable curves of observed speech results also show minor 
differences when taken at different times. 
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Interpolation of Terminal Loss Curves 
n the upper curve of observed results in Fig. 83 is taken 
as a guide, a. curve for a line of any other impedance compared 
with the standard apparatus and line may be approximately 
found as follows, if the terminal loss with zero loop for the 
required cases is taken from Fig. i^, or is otherwise known. 
It is assumed that standard cable is used in the subscribers' 
loop in all cases for this particular curve. From the point 
where the new value of the terminal loss on zero loop cuts 
the ordinate in Fig. 83 drop a perpendicular on the upper curve of 
observed results, and draw the required curve so that it is always 
this perpendicular distance from the upper curve, the result will be 
approximately the desired curve. Similarly for any other type of 
local line, if one curve is known (preferably the upper one) the others 
can be approximately found. See also the terminal loss curves 
in Chap. XI. 

This approximate method of interpolation has its Umits. A 

reference to Fig. 80 shows that if the ratio of s^ is less than 1-5, the 
curve diverges widdy from the approximate straight line law which 
it has above that %ure. If, therefore, a line has an impedance 
of less than 650 ohi^ when used in connection with the standard 
apparatus (425 ohms] the interpolation method described is not 
recommended. 

129. Desi|n of Appiritns. — The standard apparatus appears 
to be admirably designed for use on the standard cable with local 
zero loop, as the angle (^ — ^j), which is the difference of the 
apparatus and line angles, is 90°, and the ratio -5_ where Zq 
is the modulus of the standard cable and Za that of the apparatus 
is 3|- = 1-34. On the whole a reference to (46) and (48) will show 

that this combination is highly favourable to efficient transmission. 
On the other hand, when the same apparatus is connected to a 
loaded line the angle (^ — ^0 is usually only about 45°, and the 
ratio =ft may in some cases amount to 4 or more, where Zg is the 

characteristic impedance of the loaded line and Za the standard 
apparatus. It is evident, therefore, that the standard apparatus 
is better adapted to unloaded cables than to loaded lines, and when 
the use of loaded lines is sufficiently general these considerations 
make it clear on what lines improvement in the design of trans- 
mitting apparatus should proceed. It should not, however, be 
overlooked that the increased terminal loss in connection with 
loaded lines is accompanied by a considerable reduction in the 
attenuation constant, and the possibility of a given change pro- 
ducing secondary effects, whether favourable or otherwise, should 
constantly be borne in mind. 

"180. Long and Short Transmission Lines. — Formula (28) gives 
an expression for the receiving-end impedance of a hne ol any 
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length with apparatus at both ends. If, however, B is sufficiently 
great e~** is negligible, and the formula reduces to 



'1<|+ii)+i!- ■ ■ (^") 



It is recalled that the quantity aZae* is the impedance of an 
infinite line with apparatus at its ends having the same impedance 
as the line (see (25), Chap. III.) and the expression in the brackets 
is by (60) toe formula for the terminal loss in an infinite line. 
Formula (70) is, from (28), the equation for the receiving-end 
impedance of an infinite line with similar apparatus at both ends. 
Now when this condition obtains the variation of the attenuation 
from that due to the infinite hne without apparatus is readily found 
by curves similar to Fig. 80, which apply to any loaded line which is 
long enough for (60) to hold good. On the other hand, if the line is 
short, the full formula [No. (28)] must be taken into account in 
every case and the calculations become laborious. It is, therefore, 
of importance to know what electrical length of line is required 
before (60) can be applied. As already stated, this depends on the 
quantity «""**, i.e. on the square of the attenuation factor. 

Before attempting to interpret Fig. 84 it is advisable to read the 
remarks under Calculated and observed effects of terminal loss," 
in this ct^pter. 

Fig. 84 has been prepared to illustrate the changes in the re- 
flection factor which take place with increase in length. If the 
variation of A in Fig. 84 witn length is shown graphically the effect 
of the complex angle 9 is to produce an tmdulatory curve which 
gradually reduces to a smooth uniform line when the factor e~*' is 
negligible. In order to see the effect on speech, however, the 
attenuation factor e"** has been used instead of e~^* for the calculation 
of Fig. 84, assuming that it represents a mean of the undulatory 
curve suitable for comparison with speech. 

It will be evident on reflection that if in formula A we have 
Zg = Za in magnitude and phase, then A = i and log; 1^0.. The 
loss is then zero, and this is illustrated by the horizontal zero line 
in the figure. The curve gives in the ortnnate the loss in miles of 
stantkrd cable for the various conductors marked on the graphs, 
when those conductors have the attenuation lengths shown in the 
horizontal base hne. The graphs of the conductors represented 
by sohd lines show how the loss A varies with the attenuation length 
or the line, whilst the dotted lines show what the terminal loss 
amounts to when the variable portion of A disappears and A becomes 

constant, i.e. when «"*^j| ~ ¥|| + 1^)| = 0. The dottedUne bears 
in every case the same number as the variable curve with which it 
is associated, and it will be seen that in all cases, as the line increases 
in length, the variable curve approaches the constant one, and it 
would eventually, of course, have the same value. Now, as before, 
- the standard cable is the arbitrary standard of reference, and it is 
seen from the curve that the apparent losses, as determined by 
comparison with the standard cable, would generally be materially 
less on short hnes than on long ones, but would ultimately attain a 
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constant value, which is the tenninal loss. Lines similar to the 
standard cable, i.e. small gauge underground lines, would in such a 
case have a relatively small loss. Even in the case of the loo lbs. 
cable shown on the graph, the loss is relatively small, the maximum 
being less than 2 m,s.c. It will be seen that the difference between 



« 

S 



Fia. 84. — Theoretical TransmissioaLoss and Gainwith Standard Apparatus 
,at both ends of Short Lines. The quantity in the outer brackets in (38) is 
called A in the ordinate of this figure. 

the dotted curve and the one in soUd lines for any conductor amounts 
in no case to more than a mile of standard cable, and is generally 
much less, when the attenuation length amounts to ro nxiles of 
standard cable. Judging by these curves observed terminal losses 
on lines of moderate lei^h maybe expected to be somewhat less 
than those calculated from (61). 
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[mpcdance (ohms) 

Fig. 85. — The curves show the lengths (S. M.) of standard cable which, 
when connected to the standard common battery set, have the vector 
impedances showB in the abscissa and ordinates; the modulus and ai^Ieare 
given separately. The impedance was measured from the tenninals of the 
C.B. set usually connected to the test cable (Fig. 135), 
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181. Imjiedanee Curve of Standard Apparatus on Standard Cable. 

— Fig, 85 gives the impedance of the standard common battery 
apparatus combined with lengths of line made up of standard 
cable from to 6 miles in length. It is in use in the Engineer-in- 
Chief's Laboratory, Post Office, and was published in an article by 
Cohen and Hill, entitled " Long Distance and Cable Telephony," in 
Post Office Electrical Engineers' Journal for July, 1916. 

' 132. Impedanee Curvei tor infinite Llne3.~l^ig. 86 is also in use 
in the Engineer-in-Chief's laboratory of the Post Office. It 
embodies a series of curves which give the loss due to a change of 

ALLOWANCE IN S M 
-7^^-4-3-2-1 12 3 4 5. 



■5 1-0 l-S e-0 Z-6 80 3-5 40 jr *"^ 

Fig. 86. — Transmission Loss or Gain at the Junction of two Long Lines, or 
a. Long Line and Teiminal Apparatus. The modulus is given in the abscissa 
(2" *"^ To}' **"* **** *°8'^ * between Z, and Zo in tiie ordinate. 

impedance at the junction of two infinite lines, or apparatus com- 
bined with an infinite line. It is a development of the curves ^ven 
by Mr. A. J. Aldridge in his paper on the practical application of 
Telephone Transmission Calculations, read before the Institute 
of Electrical Engineers on May 30th, 1913. The loss, as determined 
by this curve, varies in accord^ce with the direction in which the 
propagation takes place. In fact, if there is a loss at a junction 
with the propagation in one direction, there is generally a gain in 
the other direction. The advantage of this form of curve is that 
it is apphcable to any modulus at any angle. If it be desired to 
find the loss at both ends of a line, such for example as the loss 
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between A and D in Fig. 76, all the lines being infinite in length, 
proceed as follows. Suppose Zq is a long loaded line with an 
impedance of 1700 ohms and a negligible angle, and that the 
standard apparatus with an impedance Za — 425 / 45° is connected 
at each end. The ratio corresponding to the calculations at the 
receiving end D is h-. Therefore this ratio is -^^ = J =0-25. 

Refer to this figure at the foot of the graph and trace up in a vertical 
Une until opposite 45°, this gives a loss of — 47 ni.s.c. At the 
sending end A the direction of the current through the junction ~ 

is reversed, and we have -^~ = 4. Referring to the figure 4 at the 

foot of the graph and tracing up to 45°, we see that the loss 
is a httle over 8 miles. As a matter of fact, the curve ceases a 
Uttle before giving the required value, but it is about 82 m.s.c. The 
algebraic sum of these two values is 35 m.s.c. The required value 
may be read direct from Fig. 80, and it will be seen that with the 
ratio ^^ = 4 the terminal loss is 3'3 m.s.c. nearly. 

Examples. — (i) Verify by calculation the accuracy of one point 
in Fig. 80. For this purpose find the value of 61 when the modnlus 

of ^ is 4, using formula (47) for the calculation. 
We have by (47) 



efl( = {iUi6 + A /tan-' 0-882 +2)} 
(Note tan-' ^j. = tan-iA^ =tan-i ^ =tan-i 0-882= 41" 25'.) 
e"={i[4-0O77 /4i°25' + 2)} 

= {i (4-0077 cos 41'' 25' +;4'0077 sin 4i''25' +2)[ 
= [i {3'«)54 +J2-65I2 + 2) } 
= i (5-0054 +yz-6st2) 
= 125135 +yo-6628 
= I '4161/ 
.'. fli=log. 1-4161= 0-3478 
This agrees with Fig. 80. 

{2) Case (a). — ^Find the value of $1 for the tenninal loss between 
the standard apparatus and the standard cable when a very long 
length of the latter is terminated at each end by the standard 
apparatus on zero loop 

Za = 425/45° ohms 

Zo = 571 "4 43° 16' ohms 
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Case [b]. — ^With the same length of standard cable as before, 
but with 4 miles of standard cable included in the subscribers' local 
circuit, find the value of A. 

In this case Zfl = 838 /12° 2' ohms. 

We have 

(a) Zq = 57i'4^43'' 16' ohms for standard cable. 

Also Zt, = 425 / 45° ohms for standard apparatus. 

Hence the terminal loss is by (59) 

= logJ 



,, (416Q -?39i'6 +3W 5 +;3«>"5)' 
4 X 571^43" 16' X 425/45° 



I (7i6-5->9ii)' 
^ 971.3^ 0/^° 44' 



^ w (722-3\7° i5')» = log. 521.67^14° 30' 
^971,310 /1° 44' 971,31 0/1° 44 

= log,o-537i\i6° 14' 
'( = log, 0-5371 = — 06316 



(6) Zo = 57i4\43'' 16' ohms for standard cable ; 
and Zfl = 838/i2°2'ohmsforstandardapparatusat endof 4mls. 

of standard cabled 

.-. ft = log, (416 o -;39i 6 + 8187 +;i79-o)' 
4 X 571-4X43° 16' X 838 /12° 20' 
= log, (1234 7 -J2XZ-6)^ 
1.915,200X30° 56' 

= log, ^.569,700X19° 32' 
1,915,200X30° 56' 

s=l0g, 0-8196/11° 24' 

i.e. ft =log, 08196 = —0-1989 

(3} Calculate the terminal loss for a very long loaded 40 lbs. 
underground cable having the constants shown in Table II,, 
Chapter VIII., except that the inductance is 200 milliheniys per 
mile. The cable is teiminated at both ends by the standard 
apparatus on zero loop. The characteristic impedance of the loaded 
cable is Zo = 1754 ohms with a neghgible angle ■. use formula (59) 
for the calculation. 

Formula (61) gives the value of the terminal loss ft, and this is 
the same as (59). 



^.y Google 



SSFLECTION and power in telephone CIRCUtTS 141 
The terminal loss between the loaded line and apparatus is 

^ (Zo + Z.)S! 

(1734+425/45")^ 



4 X 1754 X 425/45^ 
(1754 +300-5 +J300'5)' 

'•* 2,982,000/43" 

(2076 /8° igQ g 

" 2,982,000/45° 



O'lOO 



347 



= loge 1-445X28° 22' 

hence flj = log< 1445 = o-368i 

To convert to standard cable units v 

i.e. the tenninal loss between the loaded line and apparatus is 
equivalent to approximately S} mllea of standard cable. 

If the loaded line be compared with the standard cable by 
means of the standard apparatus, then with zero loop in the sub- ■ 
scribers' line as in Case (a), we have by (69) 

° ^^ -f^ — =terminal loss in miles of standard cable=9'3 m.s.c. 

(The experimental figure for this case is given in Fig, 144 ; in 
the upper curve the value is 7*9 miles of standard cable.) 
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CHAPTER Vin 

THE CONSTANTS OF TELEPHONE CIRCUITS 

188. Rote on Eleetrieal Constants. — Evay telephone circuit has four 
so-called electrical constants, viz. Electrostatic Capacity, Inductance, 
Leakance, and Resistance. The use of the term " constant " is a 
useful convention, but it is of course obvious, even in the case of 
direct current measurements, that any and all of the " constants " 
only fulfil that definition in the strict sense in certain well-defined , 
conditions, thus : (a) It is evident that for a resistance to remain 
constant as that term is usually understood, the temperature must 
remain constant, (b) In the case of capacity and inductance the 
number and proximity of wires on the poles, among other things, 
affects the measured values, {c) As r^ards leakance, this may 
have a very wide range of values, and can hardly be said to be a 
constant. 

When the so-called constants are measured at tel|phonic fre- 
quencies, further variations of a complex nature arise. The particu- 
lar values found at a definite frequency are the " effective values 
of the constants, and these values may be, and in some cases are, 
very different to those found by direct current measurements. 

1S4. Direct Current ReBl8taDee,^In Post Odlce practice telephone 
conductors are usually designated by their weight in lbs. p€3" mile 
per wire, when dealing with land lines, and by their weight in lbs. 
per naut per wire when dealing with submarine cables. In the case 
of submarine cables it may be remarked that this is ageneraJpractice. 

The resistance table jjubhshed by the Post Office in Technical 
Instruction XIII., relating to the construction of aerial lines, is 
based on Matthiessen's experiments. Since it was introduced, how- 
ever, the Engineering Standards Committee {1905) have laid down 
standards of resistance, and more recently the International Electro- 
technical Commission (Berlin, 1913) has formulated international 
standards, which have been accepted as r^ards resistance and 
density by the Institution of Electrical Engmeers, and published 
in their 1916 Wiring Rules. 

The following formulae have been arranged so as to permit of - 
a ready corapanson being made between these various standar(^, 
particularly from the point of view of the we^ht per wire per mile. 
Fuller details are given for the I.E.C. standardthan the others. 

186. FommlEB based on Hatthlessen's Standard as given In Post 
Offlee Ensineerlng Dept. Teebnloal InstraeUon Xni., p. W (obtainable 
from Wyman and Sons). — The resistance in absolute C.G.S. units 
of a cm. cube of pure hard-drawn copper at 60° F. is 1731. 
One metre^amme of pure hard copper has a resistance of 01538 
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ohm at 60° F. It follows from this that one kilometre-kilogram 
has a resistance such that R = Z53'8 ohms. 

■•■R-^at6o''F (I) 

where R is the resistance per kilometre of a uniform copper con- 
ductor weighing W kilograms per kilometre. 

It is also given that one ohm-mile of pure bard copper has a 
resistance of oyS'5 ohms. Whence 

R=?^at6o''F (2) 

Here R is the resistance per mile of any uniform conductor weighing 
W lbs. per mile. 

The Post Office table of resistances based on these values has 
been expanded by the author so as to include sizes of wire expressed 
in the American Brown and Sharpe gauge, and extended so as to 
include a niunber of resistances not before given in the table. The 
author is responsible for the accuracy or otherwise of the additions. 
The extended table is Table I. in this chapter. 

136. Formnls baaed on the Ensineerlng Standards Committee's (1S06) 
Deflidtions. — A wire 1 metre long weighing i gramme and having 



a resistance of o'i539 ohm at 60° FT li$-t° C.) is taken as the 
engineering standard for hard-drawn, high-conductivity commercial 
Cu. For annealed high-conductivity commercial copper the re- 
sistance is 01508 standard ohm at 60° F. The specific gravity of 
copper is taken at 8'qo and the we^ht of i cubic cm. at 8'8q 
grammes. From these definitions the following formulae are deduced. 
For hard-drawn, high-conductivity commercial copper we have 

R=^at6o"F (3) 

where R is the resistance per kilometre of a wire weighing W kilo- 
grams per kilometre. 

For annealed high-conductivity commercial copper the formula 
is as follows : — 

R = '-^at6o°F (4) 

where R is the resistance per kilometre of a uniform conductor 
weighing W kili^ams per kilometre. 

Converting these values to resistance per mile and lbs. per mile, 
we have, for the case of hard-drawn, high-conductivity commercial 
copper to correspond with {3), 

R=^at6o°F. . . . . . (5) 

where R is the resistance per mile of a wire weighing W lbs. per mile. 
For annealed high-conductivity commerci^ copper the formula 
becomes 

E-?^at6o"F (6) 

where R is the resistance per mile of a wire weighing W lbs. per mile. 
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The resistance R in ohms per km. of a wire of hard-drawn, 
hi^-conductivity commercial Cu having a diameter of d mm. at 
a temperature of 60° F. is 

_ 2204 ,, 

The resistance R in ohms, per km. of a wire of amiealed high- 
conductivity commercial copper having a diameter of d mm. at 
a temperature of 60° F, is 

R=^^ (8) 

The same value as that given in (7) is obtained by taking the 
resistance in absolute C.G.S. units of a cm. cube of pure hard copper 
at 60° F. as 1731, in accordance with para. 135. A comparison 
of {2) and (5) also gives practically the same formula. It will, 
therefore, be seen that on the basis of volume comparison and 
weight taken separately, the E.S.C. and Matthiessen's table, as 
defined in para. 135, give the same result. Page 48 of Technical 
Instruction, XIII., does not, however, refer to specific gravity, and 
does not say what constitutes hard-drawn copper. In practice the 
Post Office resistance table takes the weight of a wire i kilometre 
long and i mm. diameter as 7 kg., whereas the definition of 8'8g 
gm. per cub. cm. leads to a weight of 6-ij82 kg, per kilometre. 

187. Resistance Standard ot the International EleetroteohnlesI 
Commission, Berlin, 1913.— (i) At a temperature of 20° C, the 
resistance of a wire of standard anneaJed copper i metre in length 
and of a uniform section of i square millimetre is -^ ohm — o"oi724i 
ohm, 

• (2) At a temperature of 20° C. the density of standard annealed 
copper is S'Sg grammes per cubic centimetre. 

(3} At a temperature of 20° C. the " constant-mass " tempera- 
ture coefficient of resistance of standard annealed copper, measured 
between two potential points rigidly fixed to the wire, is 000393 



The - 



—per degree C. 

resistance and density involved in this standard are 

accepted by the Institution of Electrical Engineers and embodied 
in their 1916 Wiring Rules, as already mentioned. 

From the preceding definitions the following values are deduced. 
The resistance R in ohms per kilometre of a wire having a diameter 
of d millimetres at a temperature of 30° C. = 68° F. is 



_ 21 052 



(9) 



The resistance R in ohms per km. of a wire weighing W kilo- 
grammes per km, at 20° C. = 68° F. is 

If the temperature is 60° F.=i555° C. this becomes 

R = 5f-' M 
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If the temperature is 75° F.=23-88° C. this becomes 

R=5S-^ ta) 



The re^stance R in ohms per mile at 20° C. of a wire having a 
diameter of d inches is 



R = °-^ (13) 



The resistance R in ohms per mile of a wire weighing W lbs. 
per mile at 20° C. = 68° F. is 

R = ^ (.4) 

The resistance R in ohms per mile of a wire weighing W lbs. 
per mile at 60° F, is 

R-?f5 „3) 

If the temperature is 75° F. this becomes 

"W ' ' 

The resistance in ohms per naut of a wire weighing W lbs. per 
naut at 20° C. is 

R = !i^' (17) 

If the temperature is 60° F. this becomes 

E=^ (18) 

If the temperature 1375° F. this becomes 

R-U^. ..... (19) 



138. Tsmperatore Co^elent ol Copper. — The temperature co- 
efScieat adopted by the I.E.C. is in agreement with the rule given 
in the Standardization Rules of the American Institution of 
Engineers (No, 349), 1916, viz. : — 

" The temperature coef&cient of copper shall be deduced from 
the formula 



234-5+' ■ • • • 
Thus at an initial temperature ^=40° C, the temperature 
coefficient of increase in resistance per degree centigrade is 



(20) 

latu 

i_ 

274'5 



— 0'00364." 

This mle gives a temperature coefficient of increase of 000393 
for 20° C. as required by the I.E.C. resistance standard. For 6o*^F. 
=iS'33 C. the American rule gives a coefficient of increase in 
resistance per degree Fahrenheit of o'oo222, and this value i9> 
here adopted. 
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Note on Table No. 1.— It is useful to remember that fonnulae 
(3) and (10) give nearly the same result, there is, in fact, only a 
difference of 039 per cent, between them, so that the I.E.C. 
standard for annealed copper at zo° C. is practically the same as 
Matthiessen's figure for hard-drawn Cu at 60° F. Table I., which 
was calculated for the latter, therefore gives results which are 
sufficiently near to the former for most practical purposes. 

139. Iron Wire. — ^This is occasion^y used for minor rural 
circuits. 

The following formulae are based on the data given on p. 48 
of the Post Office Technical Instruction already referred to in thw 
chapter. 

The specific resistance, or the resistance in absolute C.G.S. units 
of a centmietre cube at 60° Fahrenheit is 10616. 

One kilometre of pure iron wire weighing W kgs. at 60° F. 
has a resistance R such that 



" ~w °^^"^ . ■ ■ ■ {21) 



One mile of pure iron wire weighing W lbs. per mile has a 
resistance R such that at 60° F. 

R-^' (-) 

The iron wire used by the Post Office for line wires is commercial 
iron, having a resistance in absolute C.G.S. units at 60' F, of 12140 
per cub. cm. 

The resistance R in ohms per mile of a weight of W lbs. per 
mile of conunerdal iron at 60° F. is 

R-'-^ (33) 

~ 140. Phoiphot BroDM Wlu, — ^This wire is used for local circuits. 
Its resistance at 60° F. is approximately twice that of hard-drawn 
copper as given in formula \z) (2*07 tunes). Its diameter is the 
same as that of copper for tne same weight, and its minimum 
breaking stress at 60^ F. is 1*5 times that of hard-drawn copper 
wire. 

141. Alnmtniam Wlr«. — ^This wire has been extensively used as a 
substitute for copper. The resistance of cast commercial aluminium 
— 99 per cent, pure metal — at 20" C. temperature is i"685 times 
that of copper as given in formulae (9}, (10), (13), and (14) for 
equal cross-sections and lengths of the two metals ; but the weight 
of the copper is then 33 times that of aluminium. 

For equal resistance the section of the aluminium is 1685 times 
that of copper, but the copper still weighs i'8 times as much as the 
aluminitmi. The breaking strain of this Cu is, however, 3'4 times 
that of aluminium. The temperature coefficient of aluminiima is 
0-0038 at 0° C. For the harder kinds of aluminium (drawn), 
suitable for aerial cables, the resistance is increased by 2 per cent. 
The breaking strain of copper is 2-1 times that of aluminium for 
this latter type of wire. 

142. EOeetive RMlBtanee — Geneial, — Resistance as measured by 
direct currents is always accompanied by an energy loss due to 
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the heating of the conductor, the amount of which is given by 
the equation 

U=I2I«xo-24 {24) 

where U is the heat in calories and i the time in seconds. 

In the case of alternating currents additional energy losses may 
arise either in the conductor itself, or external to it due to the action 
of the m^netic field surrounding the conductor on metallic masses 
near it. The received current is not in that case determined by 

Ohm's Law as expressed by the equation n = I, but by the equation 
y = I. where Z = V* + «* In ^^^ case the apparent resistance r 

is for the foregoing "reasons greater than in the direct current case, 
and it is called the efEective resistance ; x is similarly the effective 
reactance. The increase of resistance in the conductor itsdf only 
occurs — to an appreciable extent— with high frequency currents. 
In the case of double-wire copper conductors, sucn as those used 
in telephony and at telephomc frequencies, there is only a small 
increase over the direct current resistance. In iron conductors, 
however, the effect is considerable. This arises mainly from the 
fact that the alternating current produces a magnetic fidd inside 
the conductor, as well as outside, and the counter e.m.f. of self- 
inductance is greatest at the axis of the wire. As a consequence, 
the current is not distributed uniformly throughout the section 
of the conductor, the tendency being to i^roduce a concentration 
of current towards the surface ; the greater the conductivity and 
permeabihty, and the higher the frequency, the more is the current 
concentrated towards the surface and the greater is the resistance ; 
this action is known as " skin effect." 

In single-wire copper telephone conductors, surrounded by. a 
lead or iron sheath, or near otner conductors, the increase of resist- 
ance is marked. This arises from the action of the magnetic field 
upon the sheath or other conductor which leads to energy losses 
and also from the resistance of the return path (see Table V., 
Chap. X.). 

148. Bfleetive Reslstanee of Loading Colls. — The magnetic field 
associated with the conductor is especially great when iron is 
present, as in this case. The principal phenomena which occur 
at telephomc frequencies are as follows :— 

A magnetic field is created around the wires tested, which 
induces currents in neighbouring conductors, and in the iron core 
of the loading coil ; energy is absorbed in the conductors and 
core referred to, and this may be looked upon as equivalent to an 
increase in the resistance of the loading coii. By Lenz's Law these 
induced currents would directly oppose the impressed voltage and 
diminish it. A diminution in volts is equivalent to an increase in 
resistance in this case. These eddy current losses may be greatly 
re<iiced by laminating the iron cores or using bundles of^wire instead 
of a scdid core (the losses vary as the sq. of the frequency). In 
some cases also the wires of the conductor are stranded for the 
same reason. To still further reduce the losses the windings are 
sejKurated as far as economy of space allows. Hysteresis losses in 
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iron also increase the effective resistance. These losses vary directly 
as the frequency. Within certain working limits it has been found 
possible to reduce these losses to a very small or even negligible 
quantity, A number of formula are available for the calculation 
of the effective resistance at different frequencies (see " Calculation 
of A.C. Problems," Chap. I., by L. Cohen, published by the McGraw 
Hill Book Co.). 

144. The Bffeetlve Resistance ot Iron Wire. — Iron is sometimes 
used for local telephone currents, as before explained. We have 
here a magnetic material, and the effect of telephonic frequencies 
is to greatly increase its resistance and decrease its inductance. 
For small magnetising forces such as those used in telephony, the 
permeability of iron is found to be approximately constant, and it 
is known that for ordinary iron telegraph wires a permeability of 
100 is a reasonable figure. 

The following formula is riven by Oliver Heaviside, p. 97, 
" Electrical Papers," vol. ii. It shows the increase in r^istance 
in any round wire, including iron, due to frequency. Let R be 
the steady resistance in absolute units per unit length of a round 
wire of radius r, conductivity k, permeability /i, andRj its effective 
resistance to sinusoidal currents of frequency /= —. Let also 

Z = ^ = ;r^«iufS = Z^^l^KT^f . . . {25) 

Then the formula required for Rj is obtained from 

R, -+l\-+i^o(-+^.0+.4B(-V4C 



{26) 



X14V '5X4'xi8V ' 

The magnitudes w for values of Z from i to 10 are given by 

Heaviside. The number of terms in the formula is stated to be 
suitable up to values of Z = 10, beyond that further terms must 



be taken. A graph showing the relation of Z to 



Rj . 



Fig. 87. 

Post Office transmission experiments have shown that values of 
effective resistance of iron wires calculated on this formula, and 
also the corresponding one for inductance (32), are fairly consistent 
with the attenuation constants observed. 

145. Indnetanee— Deflnltlon.— The inductance or coefficient of 
self-induction of a circuit is denoted by the symbol L. The unit 
is the henry = lo^ absolute units. It is the induction in a circuit 
when the electromotive force induced in this circuit is i volt while 
the inducing current varies at the rate of 1 ampere per second. 

146. Indnetanee of a Straight Cylindrleal Wire.— Where the 
permeability of the wire is n and that of the outside medium is unity 

L-2i(iog,t'-i+e) .... (27) 

Here / is the length and r the radius. 
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The self-inductance of a length / of straight cylindrical copoer 
wire of radius ris « ^ rr 

L = z/Aog, — — ^y approximately . . (28) 

147. Inductonoe of a Return Clrcnit. — 

L=4'(l06.?+J-°) . . (.,) 

2-4 



Fic. 87. — Variation of efiective resistance with frequency. 
= 1 and -J is neghgible, this becomes 



L = 4/(106. ^ + p .... {30) 



where D is the distance apart of the wires. 

(SeeFormulffi and Tables for the calculation of Mutual and Self- 
inductance, by E, B. Rosa and L. Cohen, " Bulletin of Bureau of 
Standards, vol. v.. No, i.) 

L is expressed in centimetres in (27) to (30). In the following 
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formula {30) is reduced to henrys per nule loop and conunon 
logarithms. We then have 

L=o'ooi482 logio — ho"oooi6i . . • {31) 

In practice, in cases where there are a large number of wires on 
telephone poles, the value given by this formula may be somewhat 
increased. Formula (31) may be used for aerial lines or for cables. 

148. Indnetanee of Iron Wires— Varlatioo with Freqaeney.— 
When the effective resistance is appreciably greater than the direct 
current resistance the preceding tonnulx for L do not bold good. 
Oliver Heaviside gives the following fonnula {which accompanies 
formula (26)} on p. 9701 " ElectricalTapers," vol. ii. Here Li is the 
internal inductance at the frequency involved and L =ifi, simply 

^"'■j2V'*'3X2*XioV''"4X3^Xi4V ' 5X4'Xi8(,''' ' ' ' 
This formula is general for any frequency. 

A graph showing the relation between ^ nd Z (see (25)} for 

values of Z between and to has been calculated for reference, and 
this is given in Fig. 88. 

149. Leakanee.— The dielectric losses in telephone conductors 
are generally enormously greater for currents of telephonic frequency 
than for direct currents ; for example, the leakance in a gutta- 
percha insulated cable, at a frequency of 2itf = 5000, may be, and 
sometimes is, at least 50,000 times as great as the direct current 
leakage in the same dielectric. The alternating current dielectric loss 
is generally represented as obeying a law which may be expressed 
by the following equation : 

A + B<.=G (33) 

Where A is the constant leakage, which is independent of 
frequency, and B is a constant which indicates the magnitude of 
a loss known as electrostatic or dielectric hysteresis. This loss is 
analogous to hysteresis ; it consists of a loss of energy per cycle, 
and is proportional to the frequency, the electrostatic capacity, 
and the square of the voltage. If the dielectric hysteresis component 
of (33) is very large compared with A, then the loss is such that -p 

is a constant quantity for a fixed voltage, and this assumption is 
generally made in transmission calculations. It should, however, 
be borne in mind that these calculations are generally made for a 
fixed frequency (2ff/=5ooo). 

Steinmetz, in his 'Alternating Current Phenomena," p. 145, 
McGraw Publishing Co., 1900 edition, says it is quite possible that 
a third energy loss component, proportional to the square of the 
frequency, and analogous to the loss of power by eddy currents 
in ux)n, may exist. In that case there is a close analogy between 
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the energy losses in the conductor and those in the dielectric, as 
will be seen from the followii^ comparison. 

Losses in Conductor. — Resistance 4-hysteresis+eddy current 
losses. 

Losses in Dielectric. — Leakage -i-dielectric hysteresis +energy loss 
varying as <a^. 

1-0 I 

k ! 



z 4 e 8 10 2 

Fig. 8S. — Variation of lodactance with Frequency. 

In each case the first term is a constant independent of frequency, 
the second term is proportional simply to the frequency, and the 
third term is proportional to the square of the frequency. 

Experiments on aerial telephone lines show tnat the leakance 
in that case varies directly as the frequency approximately. Experi- 
ments made by Fleming and Dyke, ana reported in a paper on 
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" Power Factor and Conductivity," read before the Institute of 
Electrical Kngineers, and given in the Journal of the Institute for 
1912, show that inbyfarthe greater number of cases, the alternating 
current conductance is a simple linear function, and of the form ot 
equation (33). It was found, among other things, by the authors 
named, that dry core telephone paper cable obeyj the straight line 
law, and that A was very small compared with Bw. This has been 
confirmed by Post Office experiments. 

On the other hand, Post Ofhce experiments oir gutta-percha 
insulated submarine cables, given in Chapter X., show that the 
leakance varies appreciably from the straight hne law. 

From the practical point of view, both calculation and ejq)eri- 
ment show that the production of paper insulated, and gutta- 
percha covered cables, with a low leakance, is both important and 
possible. Recent improvements in this respect have res^ted in 
the speaking range of submarine cables being increased by 40 per 
cent. At present a value of ^ =20 can be obtained for both 
paper insulated and balata-covered cables. The leakance shown in 
submarine cables with gutta-percha insulation is very much higher. 
Experimental data are given in Figs. 125 and 126, Chapter X. 

150. Blefltroitatlfl Capael^ or Gapaeitann — DelinlUon. — The 
practical unit of capacity is the farad. This unit is one one- 
thousand millionth of the absolute unit of capacity, or io~° absolute 
units. It is the capacity of a condenser which is charged to a 
potential rf i volt by one coulomb (io~' absolute units of quantity). 
The microfarad or one-millionth of a farad is largely used in practice. 

151. CapMlty of Double-Wire Aerial Line wltbout Iron. — 

C= "H .mf. per mile . . . (34) 

For proof see " The Propagation of Electrical Currents in 

Telegraph and Telephone Conductors," by J. A. Fleming, p. 193. 

162. Oapatitj «f « SlitKle-mre Aerial tine wlthont lion. — 

^= °^^T mf. per mile . . . . (35) 

In these foimulK d is the diameter of the wire, D is the distance 
apart of the wires, and h the height of the wires above the ground. 
All the quantities must be expressed in terms of the same unit, 
i.e. millimetres or inches. In actual practice, when there are a 
large number of wires on the poles, the values given by these formulae 
require to be increased. . , . . , , 

Mr. H. R. Kempe found as a result of expermients on smgle 
telegraph wires in actual working conditions on a hne carrying a 
number of wires, that the following formula for a sii^le wire holds 



good:— 



C = 2:S^mf.permUe .... {36) 
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In the sinde-wire experiments referred to in Table III., Chap. 
X., it should be noted that there were only four wires on the poles. 
In view of the fact that the capacity depends on the height of the 
poles, and that this may vary largely, it is difficult to make a con- 
clusive comparison between calculated and observed figtires. 

168. Capaeity ot Undaigronnd Cables. — The capacity of tele- 
phone pairs in cables containing a large number of closely packed 
wires depends on the dielectric constant, and a factor depending 
on the form and dimensions of the cable. The usual course in 
the case of paper-core air space cables {which have a dielectric 
constant varying from 17 to I'g) is to design cables on the basis 
of carefully ascertained experimental data. The subject is dealt 
with in an article by Mr. S. Hanford, B.Sc., of the Engineer in 
Chief's Office, G.P.O,, on the " Determination of Dimensions and 
Weight by Means of Curves." See The Post Office Electtical 
Engineers Journal, for October, 1914. 

The spaces allowed per pair of conductors, corrected to the 
time of writing, together witli the standard capacity at present 
specified by the Post Office, are shown in the following table : — ' 

Paper Cose Tblepuonb Cables. 



WHfbt of conducton and lyps of 
cons per mUe per boor, 


A^CES 


^SS^SSf^pTS^).''" 


61-lb. twin cable 


0-0040 


Mean 


not to 


exceed 




2^Jb.'iiiiltipte twin cable 
70 ■'. 


0-0057 
0-0140 
0-0215 
0047s 
00140 

0-0375 
00475 
00680 


:: 






I 


0-065 
0-065 
0-063 
o-o6j 
0-06J 
0-063 
0-06, 


150 ,. 


0-1360 










0065 
0065 



Details of the. experimental formulse and data required for 
the calculation of capacity in telephone cables will be found in 
" Electric Cables, Their Construction and Cost," by D, Coyle and 
F. J. 0. Howe, pubhshed by E. and F. N. Spon, Ltd., 1909, p. 
166, etc. 

154. Capseity of Phantom Clreuits in Paper-Core Telephone 
Cahles.— When cables are made up in the so-called multiple twin 
formation, i.e. when two telephone pairs are twisted to form a 
"phantom pair," the capacity of these phantom pairs may vary 
within wide limits. In the London- Liverpool cable (para, 189), 
the mean increase in capacity of the phantom circuits was 50 per 
cent, over that of the capacity of the pairs on which the phantoms 
were superimposed. The range of variation was from 26 to 59 
per cent., but the former figure was quite exceptional, seeing that 
out of ten observed results nine varied between 47 and 59 per cent. 
The observed mean of 50 per cent, increase in the capacity of the 
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phantom circuits, as compared with the sides, is the same as the 
observed increase in capacity of a single wire as compared with 
the wire-to-wire capacity of a pair in paper-core telephone cables, 
i.e. two single wires which are taken to make up a pair have {in a 
laiige rnimMr of cases) each about 1*5 times tne capacity of the 
pair when it is measured wire to wire. It is, however, possible to 
nave considerable variations from these figures. 

156. CapMl^ Dl a Submarine Cable.— A submerged single wire 
core may be represented for capacity calculations by two long 
co-axial circular conducting cylinders separated by the dielectric, 
the inner cylinder being the conductor, and the outer the water. 
The fonnula for the capacity to earth of a unit length of such a 
cylinder is 

C= ^r (37) 

2Klogi'^ 
'1 
Where r^ is the radius of the outer cyhnder and fi of the inner 

one and K = s=-i — r-^ 1 — r. This formula for the case where 

dielectnc constant 
K = I is proved in Poynting and Thomson's " Electricity and 
Manietism," Part I., p. 83 {published by Griffin & Co., Ltd.). 

If {37) is expressed in absolute units per cm. it may be converted 
to microfarads per kilometre by multiplying by - 
then have 

C = ■■ mf. per km. 

3K X 9 X log, ^ 

Converting to common logs and taking the value of the dielectric 
constant for gutta-percha at 36 we obtam 

C ^ 36 X o-4g4J ^ o:o8686^t. per km. for g.-p. (39) 
i8Iog,o^ logio? 

To convert to nauts we have 

c_2 



But -r = — where D- is the outer diameter of the e.-p. and d 
a 2ri " " *^ 

the diameter of the copper conductor. 

Therefore the wire to earth capacity of one naut of g.-p. cable is 

C = °'^^jj mf . = ^"^^ approx. . . (40) 
logio -3- logio -J 

The value 3-6 for the dielectric constant is sometimes given ; 
but the figure varies in practice between three and four, depending 
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on the, treatment and composition of the gutta-percha. The 
effective diameter d to be used for capacity calculations, in the 
case of round stranded wires, in order to allow for the fact that the 
externa] diameter is not that of a perfect cylinder, is a little less 
than the outer diameter of the strandj a reduction of J per cent, 
on this diameter is a probable mean figure for practical puiposes. 
The capacity of a double-wire phantom circuit is generally double 
that of^ the two-wire side drcmt in a submarine cable, and a pair 
wire to wire has half the capacity of a single wire to earth. 

156. Temp«r«tnre tor Submarine Cable Heunrementi, — Factory 
measurements of insulation, resistance, etc., are generally made at 
a temperature of 75° F, = zySS" C. The insulation of gutta- 
percha varies considerably with temperature. 

167. Eleotrifleatlon and Abiorptlon In Sabmarln* Cables. — The 
measurement of leakance at telephonic frequencies is dealt with in 
paragraph 149. When, however, the apparent direct current 
msulation of a sulmiaiine gutta-percha or balata insulated cable 
immersed in water is measured, tSe observed reading varies rapidly 
with time. When the testing battery — say 150 volts— is first 
applied, there is a lar^e rush of current into the cable owing to 
its capacity, but a duninishing charge continues to flow into the 
cable for a considerable time if the battery is continuously apphed, 
gradually becoming less with lapse of time. This phenomenon is 
known as electrification, and the insulation usually recorded as 
the insulation of the cable in Post Office practice is the apparent 
insulation after a chaise of one minute. Readings are, however, 
taken at the end of every minute for, say, twenty minutes. If the 
insulated cable is allowed to fully charge for that time, and is then 
earthed, a reverse phenomenon occurs, and a current due to the 
" absorption " flows out. If the recorded curves of charge and 
discharge with time are smooth and regular, it may be regarded as 
a sign of the good condition of the dielectric. The dielectric resist- 
ance decreases as the temperature increases. A curve coimecting 
insulation with temperature is usually provided by the manufacturer 
of modem telephone cables. The usual insulation required few 

Etta-percha is 400 to 2000 megohms per naut. In the case of 
lata the insulation maybe much less as measured by direct current, 
and much more favourable as computed from the ratio -j^ at tde- 

phonic frequencies (see para. 149). 

168. The Attenuation Constant — The Most General Case and the 
Ideal Cue. — The most general form of the attenuation constant is 
that proved in Appendix I., which is 



This is applicable to any telephone circuit whatever with 
uniformly distributed constants ; but even if in any case all the 
constants require to be taken fuUy into account, as provided for 
in (41), it is easier to use the complex attenuation constant to 
obtam fi as shown in Chapter VI., Example r, by the use of vectors. 

The theoretical minimum value of /I is 



A.= V'RG (42) 
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and this is attained when LG = CR, as proved in Appendix V. 
In ordinary unloaded telephone drcuits EG is always less than 
CR, and there are two possible and obvious ways of increasing 
LG, i.e. either by increasing L or G. Now {42) not only gives the 
minimum value of jS, but when this equahty is arrived at, it is 
seen by inspection that the frequency factor <u does not come 
into equation (42), and this means that the circuit is theoreticaBy 
distortionless, i.e. all frequencies are equally attenuated, which, 
of course, indicates that the line transmits speech without distortion. 
It is clearly more advantageous to attain the conditions of {42) by 
increasing L in preference to increasing G, because an increase in 
L does not necessarily affect R or G, although these constants 
determine the magnitude of the minimum fi, whereas an increase of 
G, although it brings about a distortionless condition, may actually 
increase ^. An example will assist in making this clear. To 
simplify the matter, a circuit will be selected which might in actual 
practice, on the assumption of very low insulation, attain the 
conditions of (42) without any artificial leak. An unloaded 800 
lbs. aerial circuit will meet the case. We have by Table II. — 

R = 22 ohms per mile loop. 
L =0'00322 henry per mile loop. 
C = O'oo^g microfarad per mile loop. 
G = I micromho per mile loop. 

With these constants the attenuation constant is 

^ = 0'0022I (43) 

If G is varied to attain the equality LG = CR, we have 

000322 X 0=00099 ^ 10-" X 2'2. 

= T-i^ X 10* ohms = 148,000 
ohms per mile. T he attenu ation constant in that case by {36) 
becomes 8 = io"^v'2"2 X 676 ^o-0039, which is considerably greater 
than (43), and consequently the volume of speech would be much 
less than if the normal insulation of one megohm per mile were 
used, although the distortionless condition would be attained. 

169. Volume and Clearness of Speech in Aeilal Lines and Under- 
ground Cables. — The fact that the circuit is rendered distortionless 
would be an undoubted advantage if the clearness of speech on 
an aerial circuit of large gauge left anything to be desired; but, as 
a matter of fact, speech on such unloaded wires is quite clear. 
This is corroborated by the details of tests on a 300-lbs. aerial 
circuit given in Chap. X., where it may be observed that there 
is very little change in the circuit constants when tested at fre- 
quenaes varying from <o = 3000 to m = 7000. In unloaded under- 
ground circuits, however, there is considerably more _ distortion, 
and the distortionless circuit would undoubtedly be of great 
advantage in that case, if it were possible to attain it without loss 
of volume. In practical telephony, however, a sufficient intensity 
or volume is absolutely essential in order to permit of conversation 
being carried on in the normal noises of open rooms. Experience 
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shows that speech can be carried on even with a fairiy large amount 
of distortion, whereas distortionless speech of relatively small 
volume might be inaudible. As a matter of fact, the method of 
attaining the condition of (42) by an increase of G is never adopted, 
because the same theoretical advantage can be obtained and the 
attenuation constant dfaiinished by loading. 

160. The Attenuation Formula tor a Loaded Cireuit when uL 
Is Great In Proportion to R, and a.C Is great In ProporUon to G.— 
We then have by Appendix VI. — 

' = VE+tV^ .... (44) 
This condition is brought about by artificially increasing L, 
and this is fully dealt with in Chap. IX. 

It will be observed that (44) is a distortionless formula, seeing 
that the frequency factor ai does not appear in it, and the condi- 
tions in which it may be used are indicated in the preceding heading. 
In actual practice both R and G vary with frequency. It should 
again be borne in mind that all the constants in these formulae 
are effective values, i.e. the particular values of the constants for 
some definite frequency, as already pointed out. 

161. Hlalmam Value ot Formula (44). — On the assumption that 
only L varies in the expression on the right-hand side of (44) the 
minimimi may be found as follows : — 

If -V^ be called s.and —^ be called b, (44} becomes 

*=;^ + »v'I. (45) 

This equation is of the same form as (89J, Chap. I., and 
therefore by (go), Chap. I., the minimum value is obtained when 

^ = 4Vt.or 



Wl-Wh <^^) 



If each side of this equation is multiplied by 2'^CL, we have 
CR=LG, which is the same condition as that required to attain 
(42). In this case, however, formula (44) applies not only when 
LG =CR, but in any case when the conditions stated immediately 
before {44) are fulfilled. 

When the conditions of equation (46) are fulfilled all the attenua- 
tion loss is energy loss, i.e. it is the sum of the losses arising from 
the heating of tne conductor (I^R), and direct loss of current by 
leakage or absomtion, and such losses can only be avoit^d (with a 
constant value of current) by reducing R and G. (44) may be written 

fl-R /C.G /L^L^C R /C, Gt /C 
^ = i-VL + 2Vc^C^L = WL + icVL 

R 4-~h 
tb^ti^ f r-\/L (47) 
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Now R is an effective resistance due to the line resistance per 
mile + any resistance added by the inductance used to load, and 
this added effective resistance is usually proportional to the induct- 
ance. So that a R] is the resistance added by one henry L^, 

then =JL is the resistance for any other value L, and (47), in this 

case, may be written 






la order to obtain the minimum value of ft when written in 
this form (48) may be rearranged as follows as a first step : 

Now R, ^, and p are constants, and if ~ is called a, and ^^ ^^ 

Lj C 2 2 

is called b, (42) becomes 

fi=(^+bVtyc .... (49) 

This equation is of the same form as (89), Chap. I., if VL ^ 
the unknown variable. The minimum value of fi by (90), Chap. I., 
is then obtained, when 

^-SVE or R=(5.;4-g)L . . (50) 

Notice that VC in (49) is constant, and therefore does not afiect 
this result. 

When R = (S-' -1-^)l then (48) may be written ^\/^ sjxd 

Whence ft.=^CR(|l+|) or Ily/^ . . (51) 

If in (44) */r be called Zq the formula becomes 



(I- 
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162. Note an the Attenuation Constant ot Phantom ClrenUs. — 
If the effective constants R, L, G, and C are known, the fonnulfe for 
the attenuation constants and characteristic impedance apply 
equally to both types of circuits (dde and phantom). There is not 
a necessary fixed ratio between the efficiency of phantom circuits 
and side circuits. 

168. Attenuation Constant for Loaded Open Lines.— In this case 
the natural inductance of the line cannot be neglected, and this is 
taken into account by adding Lb, the natural inductance of the 
line, to the artificial inductance L in formula (48). We will, how- 
ever, write Le for the inductance of the coil per mile in this case. 
(48) then becomes 



(«-JI^ is the effective resistance per mile added by the coil and the 
natural inductance does not affect it) ; 



^ "+(gf+c 



-V, 



c 



= ' 2 ^VcTc; 

Next write L for I* + L, then we have 



fL.+ 



Now al] the quantities except L are constants. If ' I = A 

andi£L_-S = B, then (54) becomes |» = (;^ + B Vl)VC and 
this is ot tlie same fonn as (89), Ctiap. I., and tlierefore by (90), 
Cliap. I., for minimum fi we have —^ = B-v/L or A = BL 

.R Ell fR, , Gy ._, ""it'- , . 

■■^-u,'^-\U+cf''"^- Ki7<; • • -'55) 

I. +r 
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Therefore {53) may be written 

Substitute the value of L from (55), and this then becomes 



■/ 






164. Attenuatton ConatAOt for Unloaded High Resistenee Cables. — 

If G and L are each 0, fonnula (41) reduces to 

S = V¥^ (57) 

In the case of telephone circuits this is only true for wires of 
small gauge ; the fonnula is easily deduced by putting o for G 
and for L in (41). 

In cases of doubt the accuracy of the formula for any particular 
case may be verified without much trouble by the use of {2), 
Appendix V., if the values of p and wL applying to the unloaded 
cable are known, as is usually the case. The formula is 



The following details respecting underground air-space, paper 
cables are extracted from Table II : — 
L = o-ooi henry per mile loop. 
G = I X 10-" mhos „ 
C = 0-065 X io-« farads per mile loop. 

' ■ C 0065 X io-« ~ "^§5 '' 

This is not an absolutely rigid figure, and as a matter of fact 
20 IS usually taken to allow for contingencies. 

ufi = (5000)* = 25 X lo" 
Inserting these values in (58) we have 

-rr ~ — ii ^ " 

constants shown in Table II. 
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Now ^ is SO small that it may be neglected, we then have 

*-Vi"CR{V("H¥)+i5-o-|S • to' 

If the quantity ii 
holds good exactly, if not the s 

outside brackets, which we will c 

tion of the error involved in using Vi"'CR, thus ioo(i ~x)= the 



Example. — If the attenuation constan t of th e standard cable is 
required, the error in making use of x^^aiCR instead of the full 
formula (59) is 

100 [i -V/^ji + j^ j + 0004 - g^ = r6i per cent. 

The effect of varying other quantities may be similarly found. 
166. Attennatlon Constant toi Undergronnd Ali>Spaee Paper 
Cables negleotlng Leakanee. — If in (41) G = the formula becomes 

^ = VltuC( V^'L" + R' - <«L) ... {60) 

This is suitable in cases where leakanee is negligible, as is usually 
the case in unloaded underground circuits. 

166. Charaeterlstle Impedanoe. — ^Tbe full formula is by (14), 
Appendix II. 



=v1|g i'^') 



This apphes to all electrically long telephone circuits. If, 
however, <uL is great in proportion to R, and wC is great in pro- 
portion to G, as is usually tne case in loaded circuits, and also in 
the case of aerial unloaded circuits, if the copper conductor weight 
is not less than 200 lbs. per mile, Zq may be written 

Zo=Ayc ^^^^ 

167. Wave Length Constant.— From {37), Appendix I., this is 
a = V'iv'(RM=^2L»)(G» + afiC^) - i(KG - a,*CL) {63) 

If leakanee may be neglected, as is usually the case, in unloaded 
underground circuits, this becomes 

a =. Vjarf:(V"2L« + R» + O.L) . . . (64) 

If LG = CR, and also approximately if uL is great in proportion 
to R, and (uC is great in proportion to G, (63) may be written by 
Appendix VI. (10) 
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168. Table of Telephone Cirenit Constants.— Table II. shows the 
calculated constants of the overhead and underground circuits 
usually employed in the United Kingdom, The figures given for 
leakance cannot, however, be deduced from the circuit dimensions 
in the same way as the resistance, inductance, and capacity. 
The leakance in underground circuits is largely a property of the 
dielectric (see para, 149), and the figm-e given, viz. i micromho, 
is equivalent to about one megohm per mile. This figure assumes 
a high maintenance standard, which experience has, however, 
shown to be quite attainable. It is now usual, on new cables, to 
obtain not less than zo,ooo megohms per vnie per mile as measured 
bv direct currents ; but at the same time, the apparent insulation to 
alternating currents at a frequency of 2*/ = 5000 is that given in 
the table. On overhead circuits the insulation sometimes falls 
below one megohm per mile, but that figure can be obtained with 

?ood maintenance for a very considerable porportion of the year 
»ee para. 191, Chap. IX.), 

All the constants given are effective values, i.e. values which 
hold good for altematmg current measurements at the frequency 
given m the table. 

The constants given are mean figures and the calculated attenua- 
tion constants, wave Un^h constants, and characteristic impedances 
are only correct when the assumed consUitUs obtain. In practice the 
capacity in underground circuits frequently differs very appreciably 
from the figures taken in the table, and in such cases the calculated 
attenuation constant requires correction ; this, however, may be 
easily effected by means of Fig. 89. 

llie corrections are based on the fact that, the attenuation 
constant by formula (58} varies (hrectly as the square root of the 
capacity. The curve shows that for a capacity of 0065, which is 
that taken in calculating the underground attenuation constants, 
the coefficient is i ; for any other value of capacity shown in the 
horizontal line or abscissa of the curve the capacity is given, and 
in the vertical column at the left coefficients are given corresponding 
to the different capacities. The value of the attenuation constant 
in the table is multiphed by this coefficient to find the attenuation 
constant when the capacity is greater or less than 0065 mf. 

Example. — ^The 20 lbs. cable mth a capacity of 0*065 has an 
attenuation constant of 0"ii6i^3 by the table, find the attenuation 
constant when the capacity is 0054. Find the capacity 00^4 in 
the abscissa, the corresponding coefficient in the vertical column 
is O'Qi. We then haveo'ii643 X o'gi ^o'io6, which is the required 
result, and is very near the attenuation constant of the standard 
cable as given in the table, as it should be. 

169. Changes of the Constants due to Changes of Temperature. — 
In (^>en lines the resistance increases in summer as compared with 
winter, the effects of leakance are, however, opposite in their effect 
on the attenuation constant and quite mask the temperature 
effect, so that it is usually not considered in the United Kingdom, 
As regards underground circuits, the variations of temperature are' 
much less, but in well-maintained cables they are not neutralized 
by varying leakance effects. 
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12-55 
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14 
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\i 


0-0453 
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3289 


927 


2670 


16-59 
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1-017 


26-03 
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33-73 
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35-37 


aI-97 
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0-8 


15-90 


S5-2 


34-33 






00276 


07 
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0-0253 
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10259 
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8S-6 
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a2-23 




0025 


0635 






878 


54-5 






00236 


0-6 


8186 


2-52 


982 


610 




23 




0-57 


231 


107-3 


66-6 




24 




0-51 


6475 


1-82 


135-7 


845 






00197 


0-5 


6ai 


'■75 


141-5 


87-8 



This table is also approximately correct for redstance according 
to the I,E.C standard for annealed copper conductors at 20° C, 
The error is less than half of one per cent. (See para. 138.) 
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Bzatnples. 
Example (i). Calculate the attenuation coibtant for a loaded 
40 lbs. underground cable having the resistance and capacity 
shown in Table II., Chap. VIII., loaded with 200 henrys per mile 
|-l = 50, ^ = 20. Fonnula (48) may be used. 



Fnm) (48) 



_ 44 + 7o X -200 / ■o65 X i<f^ 

2 "V '200 

_ 44 + i4 ^ 0-000571 



= 29 X 0000571 = o'Oi653 hyps, per mile loop. 

Example (2). Calculate the modulus of the characteristic impe- 
dance for the same constants. 

In this case a sufficiently 
result is obtained by the use of formul 

Example {3). Find the percentage increase in the resistance oi 
a hard-drawn 600 lbs, copper conductor at a frequency of 800 
cycles per second as compared with the resistance when measured 
by dirert current. 

By formula (25) 

Where ^ for copper is unity, « is the conductivity in C.G.S. 

units per cubic cm. = , r is the radius of the wire in cm. = —3^ 

1731 2 

from Table I., / = 8oo. 

7 =^ 9'^7 X ^ X (246)^ X 800 
1731 
^ ig74X48-4 _955 -p... 
1731 . 1731 

From Fig. 2, when 2 =055 ^ = i'025 approximately. 

The required percentage increase is therefore 2} per cent. 

Example (4). Find the sdf-inductance in henrys of a mile of 
double-wire circuit, measured bj' direct current, of a 400 lbs. com- 
mercial iron wire when the wires are 17 inches apart on the poles, 
and the permeability of iron is taken at 100. The diameter of the 
wire may be taken as 171 miles. 

Fonnula (30} applies in this case. We have 



L.4i(log>J) 
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o'ooi4822 logio"-. The second portion is 4/^, where /is expressed 
in cm. Converting to express L in henrys per mile we have Ift = 
161000 X 100 = loiooooo, and dividing by io» to reduce to heniys 
we have V =00161. 

The value of L is therefore 

L =s 0014822 logio — + -oiei 



00014822 logio -1^ + 00161 =0014822 logio^^+o-oi6l 
2 
= 00014822 X 230103 +o'oi6i =00034 +0'oi6i 
= 0'0I95 henry 

Example (5), If a frequency of 800 cycles per second is applied 
to this circuit, find (a) the effective resistance per mile ; (o) the 
effective inductance per mile. Having given that the resistance of 
commercial iron is 12140 C.G.S. units per cub. cm. 

(a) From formula (25) we have 

Z=2w';iwV 

as in the previous example. 

Whence Z = 1974 x 100 X j^ X ^7" ^ ^'54 ^ ^ goo 

_ 1974 X 00467 X 800 ^ 73955 ^ fi-oft 
12140 12140 

This is the value of Z, and from Fig. 87 the corresponding value of 

By formula (23) the resistance of 400 lbs. iron is 
^^ X2=i3-3 X2=266 
The effective resistance at 800 frequency is therefore 

R 26-6 ^"3 
Whence Ri = 54 oluns per mile. 

(6) The ratio ^ by Fig. 88. with a value of Z = 606 is 0-564. 
Now, by example (4) the inductance when calculated for direct 
current is 0*0034 + O'oi6i, which now becomes 

00034 + o-oi6i X 0564 = 0-012 henry per mile. 
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CHAPTER IX 

THE LOADING OF TELEPHONE CIRCUITS— IDEAL. CON- 
TINUOUS. SERIES COIL LOADING AND LEAK COIL 
LOADING— A.C. CASE 

170. Elleets of EleetrostaUo Capaelty la TransmlBsloii Lines. — 
Modem commercial loading is at present far from attaining the 
full theoretical benefits of ideal loamng. The commercial fonn will 
be more easily understood after obtaining a clear idea of the ideal 
type, and this will now be briefly explained. Consider in the first 
instance the transmission of direct currents in a transmission 
line having uniformly distributed resistance and leakance. The 
characteristic impedance and attenuation constant in such a case 
are given by formulae (5) and (6), Chap, II. Concrete examples of 
the magnitude and effects of the impedance and attenuation constant 
are given by Table I., Chap. II. Next suppose that the circuits 
dealt with in this table are underground circuits having the 
constants shown in Table II., Chap. VIII. The latter table shows 
the effects of sine wave transmission at 800 cycles per second. In 
these circuits, therefore, if a direct voltage is applied to the circuit, 

R(,=i/5 and fi = VRG whereas if an alternating voltage of sine 

wave form at 800 cycles per second is applied to the same circuit we 






by (15) a 
Table II. 



p = VilVlR^ + <o^L,^)[G^ + -^CS) +GR- <aKU 

15) and (36), App. I., and these are the formula appUcable to 
le II.. Chap. Vltl. If^ L and C are each zero in the AX. case, 

we then have Z^ =a/S md also fi — VRG, as they do in the 

direct current case for the same values of R and G. 1 1 therefore appears 
that the complexity of the A,C. formulae is due to the circuits having 
inductance and capacity. So far as the relative effects of L and C 
are concerned in the examples taken, the capacity has by far the 
greater effect on the result, particularly in the case of the circuits 
having the higher resistance ; in fact, the elimination of L in the case 
of the 40 lbs. circuit only affects the results in a relatively small 
degree. It follows, therefore, that the more unfavourable attenuation 
constant is practically due to the effect of capacity, and this is to a 
great extent true of the 70 lbs. and 150 lbs. conductors. The result 
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is seen from a comparison of the characteristic impedance and' 
attenuation constant in the D.C. and A.C. cases in Table 1., ChaJ). II., 
and Table II., Chap. VIII. In each instance the impedance is much 
less in the A.C, case and the attenuation constant much greater in 
that case. The effect of the capacity is to cause the volts to be 
out of phase with the current at every' point in any infinite line, the 
negative angle being that of the cnaracteristic impedance. For 
example, in the case of the 40 lbs. circuit, by Table II., Chap, VIII., 
the angle is \4i'' 40' ; this results in a small power factor ; energy 
is also lost in charging the dielectric. The resultant effect on the 
attenuation constant and on Zq varies with frequency, and distortion 
of speech therefore also results. 

171. Compensation of the Effects of Capaelty by Indnetanee — The 
Distortionless Circuit. — It is theoretically possible to completely 
eliminate the effects of capacity in a transmission line by the addition 
of uniformly distributed inductance (0. Heaviside, " Electromagnetic 
Theory," 1894, vol. i. chap. iv.). This result is brought about when 

LG = RC (i) 

In that case ^=V'RG and 2o=^\/p> ^iid the attenuation constant 

has then the minimum value for a riven value of R and G (see App. V.). 
When these relations are establiaied the attenuation constant and 
characteristic impedance are evidently, by what has been shown in 
the preceding paragraphs, exactly the same as in the DC case for 
ike same constatU v^ues of R and G. The volts and current in the 
A.C. case are now everywhere in phase, in an infinite line, and the 
attenuation constant is the same for all frequencies. This is indi- 
cated by the fact that the frequency factor w has disappeared from 
the formulae for Z(, and $. The losses in such a case are unavoidable 
energy losses (see formula (24} and para. 149, Chap. VIIL), and 
cannot be reduced unless R and G are reduced in ihagnitude. 

It may assist to understand the effect of inductance, if it is 
remembered that if the circuit had no capacity, but that the same 
amount of inductance as is necessary for correcting the capacity were 
uniformly distributed throughout the circuit, the impedance would 
be increased as compared with a reduction when capacity alone is 
added, and Zq would everywhere have a positive angle equal in 
magnitude but opposite to that caused by capacity in the absence 
of the inductance. The proper amount of raductance, therefore, 
corrects the magnitude of the characteristic impedance and its 
angle. 

Now although a given circuit cannot have a less attenuation 
constant for altematmg current transmission than that obtained 
in direct current transmission, with a constant value of R and G, 
it does not necessarily follow that this is the most favourable value 
of S for such a circuit ; this will evidently depend on the leakance, 
and this is exemplified by the remarks after (42), Chap. VIII. The 
function of ideal loading is to correct the capacitv eSect and give the 
minimum ^ for given values of R and G. The eitect in series loading 
is always to increase the impedance and to reduce p. It follows from 
this that unless a given circuit is long enough, there will be no benefit 
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from loading, because the effect of the increased impedance on the 
sent turrent may more than counteract the beneficial effect of 
the smaller fi. 

172. Bfleet of Leakanoe In Loaded and Unloaded Clienl ta. — In an 

unloaded circuit the characteristic impedance is Zq =\/ ^ '^^.'"^ , 
as already noted, whereas in the ideal loaded circuit we have 
Zo=*/^. Now it may be seen by inspection of Table il., Chap, 

VIII., that for the values of G and C taken for the calculation of under- 
ground circuits tuC is 325 times greater than G, and it will be seen 
by inspection of the formula for Zo in the unloaded case that the 
leakance has very little effect on the result, for moderate variations 
of G. If, hDwe\-er, the leakance varies when the circuit is fully 
loaded in the ideal case, Zq is inversely proportional to the square 
root of G. The circuit impedance is" therefore more sensitive to 
leakance changes when fully loaded. Now the attenuation constant, 
by (52), Chap. VIII., may be expressed in terms of the characteristic 
impedance m the case of loaded circuits, and from what has been 
said it will be largely affected by leakance; whereas in the case of 
unloaded circuits an examination of para. 164, Chap. VIII., will 
show that the attenuation constant in the unloaded case is very 
Uttle affected by leakance. It may be remarked that in all types 
of loaded circuits the attenuation constant is more affected by leak- 
ance than is the case with unloaded circuits. This may be seen by 
(44), Chap, VIII^, which shows that the second term of ^ is pro- 
portional to GVL. *-^- it increases with G and with VI-- 

173. Analogy between Ideal Loading and Pure Sloe Wave Trans- 
mission. — ^When LG = CR we obtain, by rearranging the equation 
and taking the square root of each side 



\/c=\^n <^) 



Each side has the diinensions of an impedance, and it is easily 
shown that a/j^ is the characteristic impedance, for we have by 
substitution of the values of L and C in the full formula from (i) 



, _ / R+7a. _ / •^-^■'S- / RG +;..R C /R 

'■o-w G+j^-^ j-j-^^v RG+TarovG 



Vi 



^ since RC = LG by (I). 

^»=TI=V C"VG 



(2) may therefore be written 

E,«G-I,'R 
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But IjSR is the energy loss in the conductor and £1^0=-^ 

= Ejlj is the energy loss in the dielectric if G = ^ and ^ = Ij. 

So that for the distortionless circuit (ideal loading} we have equal 
consumption of enei^ in the conductor and the didectric. 
If (2) be written in the form 



-Vi 



we have E,*C = liaL or JCEi» = JLI2 ... (3) 

This equation shows the relation of the magnetic energj- JLI^ 
to the electric energy per unit length in an electromagnetic wave: 
it is distortionless, and if the waves are supposed in this 
case to be subject neither to resistance nor leaJcance, they are not 
subject to attenuation. This is an example of Poyntine's Law that 
the flow of enerey in an electromagnetic field is at right angles at 
every point both to the magnetic and electric comjponents of the 
field and is proportional to tne product of the two field intensities 
{J. Poynting, Phil. Trans., 1884, Part II., p. 343, etc.). When 
the relation in (3) obtains we have pure sine wave transmission, and 
the telephone circuit with ideal loading gives the nearest approach 
to it witn wires of resistance R and leakage G. 

174. Praetleal Alternativss to Ideal Loading. — In practice ideal 
loading is nefrer attained. Ideal loading supposes the added 
inductance to have no resistance, but this is not practicable and the 
added resistance materially affects the result. Again, in the pre- 
ceding considerations we have supposed the leakance of the circuit 
to remain constant at all frequenaes, but owing to the reasons given 
undtr the heading of " Leakance," para. 149, this is far from 
being the fact. If we suppose the formula for the ideal p to be 
retained, then both R and G must be supposed to be materially 
increased, and further both R and G will vary with frequency, so 
that the circuit cannot be distortionless as supposed in ideal loading. 

This brings us to a furt:her consideration. It would frequently be 
impossible in practical loading on any system to provide and maintain 
the large amount of inductance required to-produce the ideal result. 
Thus in the case of the standard cable more than one henry per mile 
would be required. It will further be shown that if this large 
amount of inductance could be satisfactorily inserted and main- 
tained, it would be at present far from economical to provide it 
(see Chap. XIL). We have, however, fortunately a practical 
alternative to ideal loading, which is based on the fact that if tuL is 
great in proportion to R and wC is great in proportion to G the 
fundament aladvantages of ideal loading can be obtained, even when 
the amount of inductance employed is very far from that reauired 
for the ideal condition {see Appendix VI. for proof of the relative 
formula). 

It should be noticed that the impedance formula is the same 
whether we have pure sine wave transmission, ideal loading, or 
ordinary commercial loading ; this is seen by comparing (2) and {3) 
in this chapter with (62), Chap. VIIL We nave m each case what 
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amounts to-^ =\/ r' ^" commercial loading an approximation to 
themagiiitudeof»/t is obtained even when the amount of induct- 
ance is one-tenth or more of the amount required for the minimum 
attenuation constant, but the angle between the volts and current 
gradually increases as the conditions for the minimum attenuation 
constant are departed from. In practice the wide range of induct- 
ance which permits of greater or less approximation to the best 
attunable transmission result, permits of choice in the degree of 
improvement of transmission according to the needs of the telephone 
service, and in the cost of adding tne inductance to provide the 
improvement (see Chap. XII.). 

The variation of resistance with the addition of inductance and 
the variation of leakance with frequency, in addition to the variation 
in the quantity of inductance, which has been shown to be per- 
missible, restilt in the formulse for ideal loading being modified, and 
the changes are developed in formuUe (42) to {56}, m Chap. VIII. 

Loading also results m the speed of propagation of the waves in 
the circuit being slowed down, and trie changes in the formiUse 
are developed in App. VI. 

175. Hflthods ol adding Artiaelal Induetanoe to TransmlHlon 
Unes.— -The following three methods will be considered in detail: — 

(a) Continuous Loading.— In this type of loading the inductance 
is provided by one or more windings of magnetic material such as 
iron or staUoy, wound continuously round the conductors. 

(b) Lumped Series Loading. — ^This has already been dealt with, 
for the direct current case, in Chap. IV. 

{c) Lnmped Leak Loading. — This has also been dealt with, for 
the (firect current case, in Chap. IV. • 

Both (b) and (c) will in turn be adapted to the alternating current 
case. 

Before considering these various types of loading in detail, an 
important general relation between ^ and the amount of inductance 
used will be developed. 

176, Relation between the Hlnimnm AttennaUon Constant and 
the Degree of Loading.— By (50), Chap. VIII., wehave R = (^^i -|-^V 

■ . ■ (4) 



VEI+CJ 



Here L is the amount of inductance per mile required to produce 
the mimimum attenuation in a conductor of R ohms per mDe loop. 
r^ is the ratio of the effective resistance R, added to the circuit by 

G 
the inductance Li when 21/ = 5000; and ^ is the ratio of the 

leakance G to the capacity C at the same frequency (para. 149, see 

Chap. VIII.).S It is assumed that jJ and ^ are constants, ».e. that 

Ri varies asJLi varies and G varies as C varies over a range of values 
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met with in practice, and it is known that this is fairly correct for 
and for j-^ within the limits here applied. 

If (48). ciiap. VIII., be divided by {51), Chap. VIII., we have 

Here L is the inductance required to produce jft», and Lg is any other 
inductance, Umited in amount only by the fact that it must be 
sufficiently large for <uL to be so great in proportion to R that formula 
(48), Chap'. VIII., holds good. For proof see App. VIl. 
From (5) we have 



^j?a^. 



It is evident from (6) that the relation between ^ and § for 
any circuit does not depend on the absolute values of L and Lj, 
but only on their ratio, and for the same fraction j— the value of 

^ is always a constant quantity ^ater than jft,. For any given 
conductor, however, the value of L can be found by means of 

(4) if (^+^) is known. For a fixed value of (p+P) ^'^^ 

magnitude of L is directly proportional to R by (4), If a curve 

L \/c+\/r 

is made by plotting^ as abscissa and V i n as ordinates 

the curve will give multipliers in the ordinate that will enable us to 
find ^ for any circuit having a minimum attenuation constant Ab and 

a degree of loading y- , 

The principle outuned in the preceding paragraph is applied 

in Fig. 90. Here j- is given in the horizontal line and 



VfcV^r' 



in the vertical column, and the graph connects the two sets ol values. 
In the graph L is called Lma. and La is called x. Immediately 
under the values of [~ seven rows of horizontal figures are given. 

^ L 

These are the amounts of inductance corresponding to j- for the 

conductor shown at the left-hand end of the hne in each case. Thus 

for a Too-lbs. conductor when f^ = i we have the inductance required 
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have onlyone-fifth of this amount, or 50 mh.,and accordlo^y under 
5— = — — = 5, the value 50 mh. will be found associated with the 

value — ^ ; when ^°" = 10 we have ^ = 25, and so on. The 

same arrangement applies to all the conductors shown. As regards 
the vertical columns where the same conductors are arranged in 
order, when -^^ =1, we have Pm, and accordingly the values of 

^M are shown in the vertical colimins of all the conductors opposite 
^ s=i. Wheny = 15 the attenuation constants of all the conductors 
are ^ X 15, which by (6) gives p. In this way all possible values 
of p for all the conductors m the graph are given over a range of 

inductance varying from =- = i, to |— = 12. The table assumes that 

C =0065 mf. and (r^ + f)— 7"- If it does not, correcting graphs 

with a full explanation of their use, and also examples of the method 
of using Fig. 90, are given in App. VII. The following is, however, 
an example of the use of Fig. 90. A 70-lbs. conductor is loaded 
with 55 mh. per mile. Its capacity is 0065 mf . and (^ -j- - j = 70. 

What is the attenuation constant ? At the foot of the table find 
70 lbs. in the extreme left-hand column and run along the horizontal 
line until ^% is reached. If a vertical line is traced from 55 to the 
graph it will be found to be opposite 00157 in the vertic^ column 
appropriated to the 70 lbs. conductor, and 001 57 is the attenuation 
constant required. 

t77. Continuous or Krarup Loading. — This type of loading was 
first proposed and introduced into working circiuts by C. E. Krarup, 
Engineer-in-Chief of the Danish Telegraph Administration {E.T.Z., ' 
p. 344, 1902). Formula permitting of the calculation of the 
inductance and effective resistance added to telephone conductors 
by the wire or tape which is wound spirally round the conductor 
to produce this type of loading, have been developed by Prof. 
Larsen (Elektrolechniscke Zeitschnft, 1908, p. 1030). 

The inductance of a continuously loaded cable is given by the 
following formula, which is developed and proved in I^f. Breisig's 
" TheorSische Tdegraphie," p. 322 :— 



2ii 



L = 44log^ 



'*2(2r+0(i + fl){T+-)5 



(7) 



where / is the length in cm., zd-y is the distance between the centres 
of the conductors, r is the radius of the conductor, ^ is the perme- 
ability of the iron, t is the thickness of the iron windmg, a is tne dis- 
tance between the wire spirals, and a is a factor which accounts for 
energy losses due to the resistance of the magnetic circuit. 

In continuous loading an increase of magnetic flux is obtained 
owing to the fact that the circular lines of force round the wire 
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find a better conductor through the iron winding than through air. 
At the same time, however, owing to the spiral form of the winding, 
the circular lines of force meet air gaps in the iron and these increase 
the resistance of the magnetic path. The resulting energy losses, 
including hysteresis and eddy current losses, can only be expressed 
approximately, and they and the permeability are best determined 
by experiment, and previous knowledge of the type of material used. 
When, however, correct data are obtained the formulae here given 
enable us to predict the result of varying the dimensions of the wire, 
and its permeability. 

If the losses due to a and a are neglected, foimula (7} becomes . 

and this formula was found in practice to hold approximately good 
by M. Devaux Charbonnel, in a series of experiments made by him 
(see " La Lumi&re Elfctrique," 15th June, 1912}. 

In order that (8) may be sufficiently accurate it is necessary that 
a and a should be small in comparison with 2{2r-{-t)t. 'It is 
evident that if the convolutions of wire are wound closely together 
a will be very small and that a will be reduced, as the resistance 
of the magnetic circuit will be decreased. 

The first part of {8), viz. 4/log?-J + 2) accounts for the natural 

inductance of the circuit apart from the iron, and the added induct- 
ance is therefore — 

^=4"^)} I" 

Since 2?- = i (the diameter of the wire), we get 

L=|=|. ...... „„, 

If the thickness of iron be made up by p windings, each of 
thickness t, this becomes L = rr^^?jv. l*ut 



pi 

L will be unaltered {if the natural inductance of the circuit is un- 
altered). On that assumption it- is evident that, in order to obtain 
the same value of inductance in conductors of different diameters, 
the thickness of the iron winding {pt) must be increased in the same 
proportion as the diameter of the copper conductor is increased. 
The expression for L is in absolute units, and to bring it to henrys 
per km. we have 
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The figure to be taken for permeability, /t, is a somewhat doubtful 
quantity. In practice it is found to vary between 100 and 200 or 
more at present. 

The increase in resistance brought about by the insertion of 
inductance in continuously-loaded cables has been made the subject 
of exhaustive research by Prof. Larsen ; and Prof. Breisig, on 
p. 323 of " Theoretische Telegraphic," gives the following formula 
after consideration of Larsen's work : — 



4(2r + 0((+«)(i+a)a 



(13) 



where S* is the specific conductivity in C.G.S. units of the iron, ( is 
the thickness of tne iron winding, r is the radius of the wire on which 
it is wound, io=zirf, n is the permeability, and a and a are correcting 
factors as in (7). Neglecting these losses, we get 



(14) 

Expressing the specific conductivity S* in terms of specific r 
sistance and rearranging the formula, we get 

where d=th.e diameter of the conductor, and all the dimensions ai 
in centimetres. To convert to ohms per kilometre we have 

'd-^t 



R. = ,o-.^i:!!Xr. • .... (16) 



It is evident by (10} that the effect of a thin winding ( is relatively 
greater than a thick one to a certain extent. This is evident from 
the fact that the inductance added by the iron is proportional to 



nearly proportional to ,, whereas if t is of appreciable thickness by 
comparison with d the inductance is proportional to - 

Thus the inductance due to a w 
having a diameter of 100 mils is proportional to j-^j-. = — = -^9 
If the thickness of iron wire were 20 mils we should have 
t _ 20 _ i6-66 
d-\-t~i2i) 100 

^.- .. =^^ instead of 

°^ 100 20 100 

V-^^ as in the previous case. 
100 

An inspection of (16) shows that the effect of the thickness t 
on the reastance depends to some extent on the diameter of th^ 
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conductor on which it is wound, as R^ is inversely proportional to 
(d-i-t); if the thickness / is very small in comparison to rf the resist- 
ance varies nearly as the third power of t, which shows that fine 
wire should very materially be less in resistance than thick wire. 
The usual range of thickness is at present from 8 to 12 mils, but 
vety thin and relatively wide tapes have been used ; the effective 
resistance due to the iron was relatively high in this case, but the 
increased permeability obtained resulted in the production of a 
low attenuation constant. Formula (16) also shows that a material 
having high specific resistance is advantageous if it- can be combined 
with nigh inductance, in view of the fact that the resistance Rj 
varies inversely as the specific resistance. Rg in (16) varies, however, 
as the square of the permeability. 

178. Eflect o( an fnerease In R^ and L on the Attenuation Constant. 
— In considering the efiect of the changes of R2 and L it is necessary 
to look beyond the production of inductance to its main object, 
which is the reduction of the attenuation constant, regard being bad 
at the same time to the suppression of undue distortion. 

Consider the effect on a given conductor, of increasing the in- 
ductance by 50 per cent, and at the same time of doubling the 
effective resistance added by the iron. Suppose we have a conductor 
with the following constants : — 

R per mile loop ^ 25 ohms. 

L „ „ = 12 rah. 
C „ ,, =0060 mf. 



resistance is y-i =60 and that jr = 20, Then by formula (48) Chap. 
VIII., we have 

B = ^"'"(lT'^^)^ ^ /C _ „-,/ 25 + (6o + 20)o-oi2 \ / oW 
'^ 2 V E V 2 /V ooiz 

Suppose now that some different known material has a much 
higher ratio ^—assume that it is doubled — whilst at the same 
time the inductance, with the same thickness of iron, is increased by 
50 per cent. In that case we have ^ — 120 and L =^ 0018, the other 

constants being as before. It will be found that the attenuation 
constant is now 00257 instead of o'029 as in the former case. It 
will be seen, therefore, that although the resistance is increased much 
more than the inductance the net result is a diminution of p. It 
is therefore obviously desirable to take calculations of ,8 directly 
into account in determining the dimensions and properties of the 
iron wire. 

179. Advantages and disadvantages of Conlfnuous Loading. 
Advantages. — (a) The principal advantage of continuous loading is 
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that any length of such a cable, no matter how small, constitutes 
a self-contained unit of loaded cable, without the necessity of 
inserting coils as in lump-loading. This is an advantage for sub- 
marine cables, and consequently we find a relatively large number 
of continuously loaded cables utilized for this purpose. 

{&) The fact that any small length is uniformly loaded also renders 
this type of cable suitable for insertion as short lengths of under- 
ground Hne which occur in aerial lines, where owing to local circum- 
stances aerial hne is impracticable. The continuously loaded cable 
in such a case fonns an alternative to the use of unloaded under- 
ground cable. Lump-loading does not attain its maximum efficiency 
m such a case. 

{c) The impedance of a long length of continuously loaded cable 
should vary less than a coil loadedcable, firstly because it is unif oraily 
loaded, and secondly because it is not suoject to the variations 
of impedance which occur in coil-loaded cables due to the fact that 
it is not always practicable to place the first loading coil at the most 
suitable point, and the impedance of such acable varies largely with 
the position of the coil. 

The uniform impedance of telephone conductors is of special 
importance in phantom circuit working, and in the working of 
telephone relays. In a four-wire submarine cable if all the wires 
are well balanced throughout it is possible to obtain two direct 
or side circuits and two phantom circuits as shown later. The 
second or earthed phantom circuit has not up to the present been 
satisfactorily worked in a coil loaded cable, but it has in a con- 
tinuously loaded cable. 

Dissdvantagei, — («) The amount of inductance which can be 
produced by this method is at present limited ; for example, 20 
miilihenrys per mile per pair is a good result. There is also a 
possibihty of unequal ageing in the iron winding of the two wires of 
a circuit. 

{6) The efiective gauge of the conductor is increased by the iron 
vigre, and this increases the dimensions and cost of the cable both 
for underground and submarine cables. It is particularly expensive 
in the case of submarine cables, because for the same mecnanical 
strength, the thickness of guttapercha must be materially increased, 
as compared with the amount required for unloaded conductors. 
This point will be dealt with later. 

" (c) This method is limited to new cables in its apphcation, 
whereas existing ones frequently require to be loaded. 

(d) The electrostatic capacity of a loaded wire is somewhat 
increased as compared with the same unloaded wire, but the 
increase is not usually serious. 

180. Distortion In Continuously Loaded Cables. — In view of the 
fact that the efiective resistance of cables of this tj'pe varies both 
with frequency and current, and that the leakance varies with 
frequency, it is evident that such cables are not distortionless. 
They have usually a higher value of j-^ than loaded cables, but do 
not of course suffer from the disadvantage due to lumped inductance. 
For equal values of ^J their distortion is less than that of coil-loaded 
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cables. The fact that this type of cable has a relatively low value 
of inductance is favourable from the point of view of distortion, as 
the distortion is likely to be greater for heavily loaded than for 
lightly loaded cables. This is clear from para. 172. Some details 
of the relative distortion in continuously loaded and coil loaded 
submarine cables are given by Dr. Petritsch in an article on the 
Adriatic continuously loaded cable in Eleclrotechnik und Maschinen- 
bau, 6th July, 1Q13, p. 595. It was found that the continuously 
loaded cable had a distortion 11 per cent, less than the Anglo- 
Belgian coil loaded cable between the limits Omf = 3000 to zn/ = 7000. 
It is, however, necessary to take into account the relative values of 
i-i and the variation of R with frequency in every case and compare . 

the increase of attenuation with frequency. It is not advisable to 
generalise too much. 

In view of the fact that the enerCT losses due to hysteresis 
increase directly as the frequency and those due to eddy currents 
vary as the square of the frequency, the rate at which the effective 
resistance increases with frequency must depend on the relative 
magnitudes of the two losses. In some cases the observed results 
point to an increase of resistance in the neighbourhood of the square 
of the frequency in continuously loaded cables. 

181, Series Lumped Loading. Alternating; Current Case. — The 
formula for the characteristic impedance and attenuation constant 
of loaded circuits {61) and (48), Chap. VIII., have been developed on 
the assumption that the electrical constants of the loaded circuit, 
including the inductance, are uniformly distributed. It was, 
however, shown by Prof. M. I. Pupin that if inductance is inserted 
in lumped quantities in series with the conductor at regular dis- 
tances, according to a law given by him in the paper named, the 
benefits of distributed loading can be attained. The law referred 
to is given in this chapter in para. 182. The full theory is 
developed by Pupin in a paper given before the American In- 
stitution of Electrical Engineers on March 22nd, 1899, entitled 
" Propagation of Long Electrical Waves." See also British Patent , 
Specification 12733, October, 1900. Dr. G. A. Campbell, of the 
Enpneering Department of the American Bell Telephone Co., also 
independently applied for a patent in America in March, 1900, but 
priority was ^ven to Dr. Pupin. Dr. Campbell also wrote an article 
On Loaded Lines in Telephonic Transmission," in the Philosophical 
Magazine, vol. v. p. 313 (1903), which includes the formula often 
associated with his name. Cfliver Heaviside appears, however, to 
have been the first to deal with the theory of distributed inductance 
(vol. xix. p. 79, E/ecirician (1887)). Vaschyin France independently 
investigated the subject and published details of his work shortly 
afterwards. Series lump loading may be treated as an application 
of the equivalent circuit as developed in Chap. IV., the only differ- 
ence in treatment is that all the quantities in the alternating current 
. case are vectors. This method of development will now be applied 
to practical series loading, and a few of the more important facts 
will be briefly recalled at this stage. It is proved in Apps. III. and 
IV. that every uniform transmission line of any length may be 
represented for electrical operations conducted from its two ends 
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at a fixed frequency (for measurements of impedance and tota 
attenuation between its two ends), hy an equivalent n or T circuit, 
and conversely it follows that any given n or T circuit has some 
corresponding uniform line to wlucn it is equal in Ihe conditions 
)ust defined ; examples of such pairs of circuits are given in 
Chap. IV. If any number of exactly similar equivalent circuits are 
connected in series, the impedance and total attenuation from the 
two ends of the circuit thus formed are the same as from the ends 
of the same number of corresponding lengths of unifonn line placed 
in series, for one frequency. 

In practical commercial loading, loading coils are inserted at 
equal dfetances in a uniform transmission fine, and the following 
is a practical case. A 70 lbs. pair of underground conductors having 
the constants given in Table II., Chap. VIII., has loading coils 
inserted at intervals of 2J miles, except at the ends, where the cable 
length is ij miles in both instances. Such a cable is uniformly 
loaded. This will be seen by noticing that each loading coil may hie 
regarded as loading half of the 2J mue cable section spaced equally 
on both sides of a loading point, or in other words, half tne inductance 
in the loading coil loads i^ miles of Hue. Viewed in this way it 
will be seen that every i J mile of cable throughout the Hne is associ- 
ated with half a loading coil, including the two end half sections of 
ij miles. If two such sections be combined, either by placing a 
coil in the middle of a 2J mile section to represent the two loaded 
half sections, or joining two ij mile lengtla of cable together to 
form a 2\ mile section and adding half a coil at each end ^ shown 
in Fig. Ill), we obtain a complete loading coil section. It will be 
convenient to investigate this latter case on the assumption that a 
complete coil has an inductance of 132 mh. and each half coil will be 
assumed to have haU of this inductance. Moreover, as we are dealing 
with a double wire circuit, the inductance will be divided between 
the A and B lines. The effect on transmission of the insertion of the 
loa<^ is worked out as an equivalent circuit problem at the end of 
the chapter, and it will be seen that the length of 70 lbs. loaded cable 
giving the same total attenuation as the unloaded 70 lbs. cable in 
Table II., Chap. VIII., is 3'62 times as great at a frequency such 
that 3ir/ = 5000, and it may be noted that speech tests give a similar 
result. Now although the equivalent circuit is equal to the real 
line in the conditions stated, at a frequency of 800 cycles per second, 
it does not by any means follow that it will be equal to the same 
real circuit for other frequencies, especially such frequencies as are 
far from the calculated one. The residt of the experiments depicted 
in Fig. 128, Chap. X., as compared with the calculated results, shows 
that there may in fact be considerable divergence in the two cases 
if the line angle is large, and the further eicperiments on a circuit 
equivalent to 40 miles of the standard cable in Chap. X. showed 
that the larger the an^e the wider was the divergence between the 
real and equivalent hues at frequencies varying widely from the 
calculated one as judged by voice tests. Now the equivalent line 
resistance in the case of an equivalent T circuit depends by inspection 
of the formula: in App. III. on the value of Z^ tanh -, with a 
constant leakance, whilst the resistance of the uniform line depends 
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Zotanh? 
on Z(,fl. If the value of 6 is small — ■ i approximates in value 

to ^^~ =1 (.e.there is practicallv no difference betweentanh- and-. 

2£n6 * r J 2 2 

If follows that if the equivalent circuit is constructed to represent 
a small line angle it may be made to conform to the real circuit for 
any and all frequencies to any required degree of exactitude. It 
further follows that loaded circuits will approximate more nearly 
to real ones the smaller the load and the nearer the coils are placed 
together. This is in effect the conclusion of Pupin, as will shortly 
be seen. In practice it is required to place the coils as far apart 
as possible with the largest load, for obvious commercial reasons. 
Owmg, however, to the complex frequencies of the voice the precise 
rule to be adopted necessitates speech tests to determine the funda- 
mental data. When these are derived a highly useful conclusion 
may be deduced from them. 

182. Spaeing Dlstanoe of Coils In Cables ; Series Loading. — ^To 
obtain an idea of the principles on which the spacing rule is based, 
refer to Fig. 7. It wUl be seen that the horizontal line is divided 
into wave Tenths of a definite length ; the wave also travels with 
a definite speed. Now if inductance is added to a circuit in which 
a current wave of a fixed frequency is being transmitted, the wave 
length is shortened in inverse proportion to the product Vl-C and 
the speed of the wave is also reduced in the same ratio. If the 
frequency in a given circuit is doubled, the wave length is halved. 
(See formula 65, Chap. VIII.) It will therefore be clear that loading 
shortens the wave length and reduces the speed of propagation 
along the line — Pupin has shown that the nearer coUs are spaced 
in a wave, the more the circuit approximates to a continuously 
loaded one. 

Pupin's Law states that if the interval between loads be expressed 
by an angle a, the difference between a coil loaded line and the 
corresponding uniform line of the same resistance and inductance 
is the difference between sin Jo and Jo. 

If coUs are too widely spaced, the circuit will be subject to greater 
attenuation, owing to reflections from the coils reducing the wave 
amplitude. Further, the upper tones of the voice have a higher 
frequency than the lower ones, and have therefore a shorter wave 
length. 

If the coils are spaced a given fixed distance apart, it follows 
that the waves corresponding to the upper notes will have a less 
number of coils per wave length than the lower notes. It is, there- 
fore, such higher notes as are necessary for clear speech that deter- 
mine the closeness of coil spacing. Professor Breisig has formulated 
a different law. He supposes the loaded circuit to be divided up 
into a number of parts, each part consisting of a loading coil and 
half the circuit lengthtowards the next coil on each side of the first- 
named coil. Each of these parts is considered as an oscillating circuit 
which resonate s at a defimte frequency, and this frequency varies 
inversely as VK varies. (See formula 65, Chap. VIII.) The 
spacing must be such as to keep the loaded circuit far from the 
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resonating point, any near approach to it increases the at- 
tenuation. 

The factor -y/TC enters into all the various rules found for the 
spacing distance of coils, whether we consider the velocity, the 
number of coils per wave length, or the oscillating circuit. It may 

then be stated as a gen^^ rule that spacing distance varies as ut. 

but to give the rule definiteness, experiments are necessary owing 
to the wide range of frequencies in the voice. 
The English rule found by experiment is 



CLD=35 . 



(17) 



where C is the capacity in microfarads of one mile loop of the circuit, 
L is the inductance of the loading coil in millihenrys, and D the 
distance apart of the coils in miles. The product CLD must not 
exceed 25. This rule is in accordance with the general rule already 
quoted. 

In addition to the distortion and increased attenuation caused 
by spacing loading coils too wide apart, the effective resistance 
01 loading coils (see para. 143) increases with frequency, and the 
effective leakance (see para. 149} also increases with frequency. 
These two factors may cause a marked proportional increase m 
both distortion and attenuation. Both the effects of effective 
resistance and leakance, however, increase as coils are spaced more 
closely if formula (17) is fulfilled, i.e. for hght loading the effects 
are less than for heavy loading. 

In the case of the loading described in para. 189, calculation 
of the attenuation on the assumption of uniform distribution 
and lumped loading respectively for frequencies between 400 and 
1200 cycles, does not snow a marked difference. The impedance 
is, however, much more sensitive to change of frequency. In 
view of the fact that the theoretical considerations on which the 
spacing rule is based do not take into account either effective 
resistance or leakance, as affected by frequency, it is clear that the 
law cannot be regarded as atsolute. It should be borne in mind, 
however, that formula (17) is based on practical experiments. The 
results may therefore be assumed to hold good in the conditions in 
which the tests were made. In England up to the present Ugbt 
loading has been largely used, and the speech is sufficiently clear. 
The results arrived at in various countries differ somewhat as regards 
the spacing rule. The number of coils and other details for the same 
loaded line in Great Britain, America, and Germany are as given in 
the following table. 
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Great Biitain .... 

America 

Germany 


tl6 
1265 


6325 

IT 


12,650 
14,000 

16,000 
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See an article on the " Uniform Design of Loaded Lines," by 
Prof. F. Bresig, E.T^., June 17. IQ15. 

It appears from pubbshed results that tbe loading has generally 
been heavier in America and Germarn' than in En^and, and this 
may to some extent account for the difference. Personal judgment, 
however, enters into the matter, and the difference of language may 
have some effect. It is possible that heavier loading will in future 
be resorted to in Great Britain, but the type of future loading is ' 
closely bound up with telephonic relay developments (see Chap. 
XIV.i. The closeness of spacing also affects the uniformity of the 
impedance of loaded Unes when measured at different frequencies, 
and this is of importance in relay working. 

It is not always practicable in commercial loading to space 
coils according to the rule in (17), and at the same time to divide 
the circuit into an equal number of half loading sections as we have 
previously assumed. The half end sections are frequently longer 
or shorter than the theoretical length of the half section. It is 
theoretically advantageous to divide the circuit into an equal 
number of symmetiical sections, but the effect of this on the ultimate 
efficiency and cost should be carefully weighed before departing 
from the usual rule, (For considerations of cost, see Chap. XII.) 

Loading Coils for Undergroukd and Aerial Circuits. 

18S. Loading Collg tot Undernound Clrenlts. — The function of a 
loading coil is, of course, to add inductance to a telephone circtiit ; 
but in this case many other qualities are also desirable, the most 
important being — 

(i) Lowresistanceof the coil, varying as little as possible through 
a wide range of frequencies, and with change of current strength. 

(2I Permanent retention of the inductance of the coil. 

(3) High insulation. 

(4) Small electrostatic capacity. 

(51 Non-interference with other coils in proximity. 
(61 Economy in space design. 
(7} Reasonable cost. 

Let us briefly glance at the various points named. 
(i) The coils used up to the present for underground work have 
a value of ■=-! = 50, or 50 ohms per henry when 2w/ = 5000, whereas 

when 211/ = 1780, at which frequency the coils are measured, the re- 
sistance is a little more than doubled. The reasons tor the increase 
in resistance are given under para. 143 in Chap. VIII. A notable 
increase of resistance occurs with increase of current. The normal 
testing current is o'8 milliampere, but with much greater current 
strengths the resistance may increase fourfold. Now it is highly 
important in telephone relay working that the so-called circuit 
constants should maintain a fixed value on account of the fact that 
this method of working requires the line to be balanced for all 
frequencies and current variations by means of an artificial cable 
which imitates the real line as nearly as possible (see Chap. XIV.),. 
A new form of coil has recently been designed in which the con- 
stants change much less, with variations otcunent and frequency. 
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This should effect a material improvement. (See Western Electric 
Co.'s British Patent Specifications, 103188/15, 107007/17, and 
124658/19.) The Post Office is trying these coils. 

Loading coils of different inductances, but of approximately 
similar size and price (for side circuits and phantom circuits re- 
spectively, the two series not being the samej, can be so manufactured 
that the effective resistance of a coil at a given frequency is directly 
proportional to the inductance of the coil. That is to say, if the 

effective resistance is Rj and the inductance Lj, then 7-I is a constant 

R 
quantity, i.e., if R^ is 50 {say} when Li = 1, then =4 = 50. From 

this relationship, if Lj is known, then Rj can be found. These 
facts facilitate calculation and design, because if the effective 
resistance of a coil having i henry is known, the resistance of any 
other value of inductance is also known. In the case of the 300 
lbs. conductors in the London-Birmingham cable, however, the coils 
have a maximum effective resistance of 35 ohms per henry. Coils 
suitable for underground work may at present be obtained with 
an effective resistance which does not exceed 30 ohms per henry. 

{2) The inductance of the coUs now used in our underground 
circuits is liable to be seriously reduced if direct currents of more 
than 100 milliamp&res are passed through them.. The coils, in fact, 
become magnetized. It is possible to partly demagnetize them by 
sending alternating current of gradually diminishing intensity 
through them untU the current is very small. In jjractice the 
telephone machine ringing current witn a rheostat in series is 
effective, appljfing a current at the commencement not exceeding 
say J ampere and gradually adding resistance to the circuit imtu 
the current is very small. It is not, however, at present possible 
to completely restore the lost inductance within, say, 15 per cent, of 
its origmal value. If excessive alternating currents are apphed to 
coils which have their full efficiency, they may suffer damage. 
The demagnetizing treatment described should only be applied 
when the condition of the coils is definitely knqwn, and then only 
by skilled testing officers acting under instructions. When testing 
loading coils dunng the laying of cables, etc., a sufficient resistance 
should always be in the circuit to keep the current at a low figure. 
The new coils are very much less affected by current. 

(3) The insulation between the windings of the coUs is guaranteed 
not to be less than 1000 megohms when tested with 100 volts D.C, 
In practice, 10,000 megohms is usually obtained. As the coils are 
not guaranteed to stand high voltages, these should only be used 
under instructions. The mamtenance of high insulation is, however, 
of great importance, and it is sometimes necessaw to use 500 volt 
meters to obtain a reliable insulation reading. Fig. 91 shows the 
theoretical wiring diagram of a side circuit and also a phantom circuit 
coil in a loading pot. The internal wiring is very complicated, and 
these pots shomd, in case of internal faults, usually be returned to 
the manufacturer and not opened on the spot. 

(4) The capacity between the wires of loading coils is small. 
The capacity between the line windings of the coil most frequently 
used in England, must not exceed 0-0035 m.f. 
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(5) When a loading coU is placed in a telephonic circuit it must 
be arranged so as not to disturb the balance of the electrical constants 
in the A and B lines. For this reason it is divided into two halves, 
one of which is placed in the " A " line and the other in the " B " 
line. [If a phantom coU is in question, each half is again divided 
into two halves forthesame reason, as shown in Figs. 91 and 92.) The 




windings magnetize the coil in the same direction so that the mutual 
induction is added to the self-induction. 

The inductance and resistance (both ohmic and effective) of the 
parts into which the coil is divided must be ahke. As a rule a niunber 
of loading coils are assembled in the same case and much care is 
necessary to avoid cross-talk among them. The significance of this 
point may be shown by the following consideration. If the current 
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leaving the transmitter at the sending end of a line be represented 
by 100, we know that commercial conversation can be conducted 
over a line of such a length that only i per cent, of the outgoing 
current is received. It is, therefore, evident that the cross-talk 
must be far less than this i per cent, — as a matter of fact, precau- 
tions are taken in loading coil pots to ensure that it is never more 
than 1 per cent, of i per cent., even in the case of phantom circuits, 
or expressing the result in millionths of the outgoing current, we may 
say that the cross-talk between any two circuits in a pot of loading 
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coils is kept below loo milHonths of the outgoing current. Now the 
outgoing current at the terminals of the secondary of the induction 
coilrarelyattainsiomilliampferes, so that the cross-talk iskept below 
100 millionths of lo milliampferes or one millionth of an ampfere. It 
is found experimentally that Ath of this cross-talk can be heard in 
a quiet room with a good Bell receiver, i.e. it is possible to hear 
the acoustic effect of one ten-millionth of an ampere in a good 
commercial receiver. 

(6) The loading coils used in British underground circuits are 
of toroidal form with a closed iron circuit and only a very small 
external field (which pennits of their being placed near together). 
The coils are usually supplied in iron cases varying in size as required. 
The ring-like loading coils are threaded on dowels (see Fig. 93) and 
separated from each other by iron divisions to reduce cross-talk to 
a minimum. The number of dowels in a case varies according to 
requirements. When all the coils are in a position the case is mled ' 
with an insulating compound and carefully sealed. The coils are 
led out by two multiple twin cable stubs for the up and down sides 



of the line respectively. UntU recently, only one leading out cable 
was used in tnis country, and it is still used in America, Fig. 94 
shows the latest type 01 loading coil pot and cable as used in the 
United Kingdom. 

In order to facilitate identification, a colour scheme is employed. 
Cases containing 9S coils are obtainable, but the largest loading coil 
cases used up to the present in this country contam 64 coils, both 
side circuit and phantom circuit coils being included. The case is 
44i ins. high and 25^ ins. in diameter (max.), each case weighs 
1500 lbs. These pots are not easy to handle and it is considered 
preferable not to exceed 50 coils in one pot. The stub consists of 
impregnated cable, lead covered. Great care is required in dealing 
with these stubs. Faults in them should be reported to ascertain 
whether the pots should be returned to the manufacturer. If a 
crack unfortunately develops which is decided to be suitable for 
local repair, it shoiild be kept under close observation afterwards. 
Experience has shown in some cases that an apparently good 
insulation does not hold afterwards. With care the insulation may 
be maintained at a high figure for many years. This has been 
proved to be the case in coils recently recovered between Manchester 
and Liverpool, and which had been m use about eight years. 

(7) The question of reasonable cost is obviously very important. 
The value of the coil, however, is largely dependent upon the relative 
cost of the copper conductors with which it is associated, seeing 
that both cop^r and coils are separately capable of improving 
transmission within wide hmits. Each case must be taken on its 
merits, and the combination which is the cheapest on the whole, 
selected. 

184. Loading Coils for Aerial Lines. — These coils are toroidal 
in shape and are enclosed in strong iron cases, specially adapted 
for attachment to an auxiliary arm, which is fixed to the pole Tig. 
100. Fig, 95 shows an aerial line coil and an ordinary underground 
coil, both being unenclosed, the relative sizes of the coils being to 
scale. It will be observed that the aerial coil is much larger than 
the other; this is to permit of a lower effective resistance being 



n^^lOOylC 



Fig. 94- — Loading Coil Case 
with two Leading - out 
Cables or "Stubs." 
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Fig. 95- — Relative Sizes of Loading Coils. 
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Fig, 96j— Aerial Loading Coil with Leads, 
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obtained, owing to the fact that aerial loaded circuits have generally 
a much less ohmic resistance per mile than underground circuits, 
and it is therefore considered necessary to keep the added resistance 
as low as possible. In this case the larger coll has half the effective 
resistance of the smaller one. Other considerations, however, re- 

fuire to be taken into account, and these will be dealt with later. 
he completed coU, ready for attachment to tjie poles, is shown in 
Fig. 96, and the lightning protector is shown in Figs. 07 and 98. 
■ It IS necessary that every coil should be separately protected and 
that the protector should be of a reliable form and such as will stand 
weather exposure. The protector consists of discs of non-arcing 
metal and was suppHed by the Western Electric Company, A 
complete pole fitting, as arranged by the Engineer-in-Chief of the 
Post Office^ is shown in Fig. 99. Each loaded wire is terminated at 
every loading point. Each complete loading coil and case weighs 
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approximately J cwt. and is fixed on an auxiliary GI support 
bolted to the back of the pole (Fig. 99). (The VIR leads are lead 
covered and the method of fitting is shown by Fig, 100.) 

The whole of the underground and overheatf coils used by the 
Post Office are made and supplied by the Western Electric Company, 
and the author's thanks are due to them for supplying a number of 
the illustrations. 



coils having an effective resistance of 35 ohms per henry 

f 1-^ = 331 at 800 periods per second. The weight of these coils 

in their iron cases is two-thirds of that of the aerial coils (made by 

the same firm) having an effective resistance such that =rJ = 25 

at 800 periods per second. The coil was designed at the request of 
the Post Office to obtain a cheaper coil than that shown in Fig. 95, 
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as experiments indicated that the new type would be sufficiently 
efficient for the required purpose, and subsequent experiments have 
fully justified its provision for loading 300 lbs. aenal lines having 
a leakance such that =■ — 100. 

185. Factory Teiti of Loading Coils.— In order to ensure as far 
as possible that loading coils meet the requirements for which they 
have been designed the following tests are applied to them at the 







Fig. 98, — L^htning Protector. 



factory by Post Office testing officers. The tests mav be described 
under the following heads: — 

Inductance balance. 

Effective inductance. 

Direct current resistance. 

Effective resistance. 

Insulation resistance. 

Electrostatic capacity. 

Insulation bre^down. 

Cross-talk, 
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Fig, 99. — Aerial Loading Coil fitted to Pole. • 
Protector mounted on Cross Ann. *••* 
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An alternating current Wheatstone Bridge Set, with a suitable 
A.C. generator, is provided by the contractors, A cross-talk meter 
with accessories is also provided. A general or "master" specifi- 
cation embodies details of the general jnethod of test and describes 




Mem. — There are two insulators on each double spindle. It is only 
possible to show one of each in the drawing. 
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the various testing devices, and a separate specification is provided 
in respect of each coil, which specifies the limits between which the 
resistance and inductance may vary, and fixes Umits for the capacity 
insulation and cross-talk. It is not practicable to give details of aU 
these tests, as they relate in many cases to the private methods of 
one firm only. The following points, however, are of interest. 

The coils are divided into different categories according to the 
efitectiveresistance per henry. 1780 cycles per second is the testing 
fretjuency adopted. This ensures that the coils are within known 
limits for the nigher frequencies of the voice currents as well as 
for the lower ones. The manufacturers' testing current is 08 milU- 
amp^re. These details apply to the older type of coil and are 
subject to change. 

As already mentioned, the coils have an insulation not less than 
1000 megohms when tested by means of a D.C. voltage of 100. An 
additional " breakdown " test is applied for a few seconds by means 
of a 500-volt generator. The overhearingis confined to coils threaded 
on the same dowel, and the number of millionths of the applied 
current which is permissible when listening by means of a telephone 
on neighbouring coils, depends on the number of coils on the dowel. 
Tlie tests are made on the completed pots of coils and the amount 
of overhearing allowed is never more than 100 millionths, including 
the most complex phantom combination and external leads. In 
simpler cases it is very much less. An idea of the cross-talk testing 
arrangement may be gathered from Fig. 133, and the method of 
making cross-talk tests is also described m Chap. X, 

The amount of out-of -balance of resistance and inductance allowed 
depend upon whether the coil is to be used for phantom working or 
not. If it is to be so used the requirement is more severe, but the 
coil is more expensive. The D.C. resistance of a coil for "medium" 
loEuhng is 4 oluns. 



In phantom circuit working advantage is taken of the fact that 
curreoK circulating in series in loading cou and transformer windings 
may be arranged to produce a flux in the iron of the coils, whilst, 
currents circulating in the same coils in parallel can be arranged to 
have no magnetic flux (seeFig.ioi). Loadingcoilsarenow designed 
on an analogous principle ; two side circuit coils producing a 
combined flux which loads a phantom circuit without interfenng _ 
with the side circuit and without the necessity of providing a special ' 
coU for the phantom circuit. (See British Patent Specifications 
17615, 1915, and iro578, 1917, granted to C. E, Hay and H. W, 
Sullivan, London ; Bntish Specifications 8185, 22133, and 22270, 
1914, granted to H. B. M. Pleijel and A. H. Olsson, Sweden ; British 
Specification 22554. 1914, British Insulated and Helsby Cables, 
W. P. FuUer and H. H. Harrison; British Specification r 10578 ; 
British Specifications 115685, 1918, and 115895, 1918, Bntish In- 
sulated Helsby Cables, G. E. Bairstow and H. H. Harrison.) 

186. The Efleets of Loading on Underground Ali^paee Cables. — 
An underground air-space main line cable usually contains a large 
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number of pairs — ^the new X-ondon-Birmingham Cable contains 52 
pairs. The pairs are divided into groups of two, which are twisted 
together to form a " quad " made up in the so-called multiple twin 
formation. On the two pairs of each quad a third circuit may be 
super-imposed or phantomed. In such a cable there are thus a 
large number of circuits in close proximity. To make the best use 
of the cable, the circuits are required to be as efficient as possible 
with a minimum amount of disturbance among them, and at a 
minimum cost, due regard being given to economy of space and 
mechanical stability. So long as the circuits are unloaded, their 
speaking efficiency and the clearness of speech upon them leaves 
much to be desired. If the cables are carefully manufactured and 
the circuits in them unloaded, however, it Is usually possible to 
keep cross-talk among them within small hmits, without special 
balancing after laying. When the circuits are loaded, the efficiency 
of each circuit is considerably increased, but the cross-talk is much 
more pronounced, and phantom working is now quite impossible 
without special balancing of the cable pairs as regards electrostatic 
capacity after laying. It appears to be worth while to inquire how 
this comes about. 

By the operation of loading (i) The impedance of the circuits 
has been considerably increased, so that for a given consumption 
of energy, the voltage in the circuit is now higher and will produce 
more powerful disturoing effects. 

(2} The loading coils added, although balanced as well as 
possible, are not j^rfectly free from cross-talk and add a httle to 
the disturbance in the circuit. 

(3] The efiects of leakance on the attenuation constant are now 
much increased, as already shown in para. 172, and if the leakance, 
resbtance, and capacity are not evenly distributed on each of the 
wires, there will be unequal impedance and want of balance on 
that account. These effects will, moreover, vary with the 
frequency. 

(4) Each of the circuits, owing to the fact that it is loaded, is 
now mudi more ef&cient for speech and also for the transmission 
of disturbances. 

From these considerations it will be evident that increased Cross- 
talk in loaded circuits may be expected, and hence the necessity 
from all these considerations for balancing. 

Referring once more to the question of leakance, this time as 
regards its bearing on speech efficiency : as already shown the 
apparent insulation of circuits in a paper cable is enormously greater 
when measured by direct currents than when measured by alter- 
nating currents at tdephonic speech frequencies {see para. 168). 
In fact, just as we have an effective resistance with altematink 
currents, in loading coils, which is greater than that obtained with 
direct currents, so we have an effective leakance which is very much 
greater than that obtained with direct currents, but from a Afferent 
cause. 

It will, therefore, readily be understood that high and uniform 
insulation in loaded cables is of capital importance. This is now 
understood by English manufacturers, and special care is given by 
the best manufacturers to the production of high insulation, and also 
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to the accurate twisting of wires and the quahty and uniformity of 
the materials used. The special attention now given to cables results 
in greatly increased speaking range. Up till recently the constant 
quantity ^ [i.e. the leakance per farad at a frequency of 800 p.p.s.) 

was taken at about 60 to 80, including cables and local wiring in 
loaded underground airspace cables.^ ft is now taken at one-fourth 
of this latter quantity (para. 149). If a circuit is fully loaded the 
speaking range is increased 26 per cent, with the usual type of coil, if 
_. = 20 instead of =r = 80. This fact, combined with the cross-talk 

resulting from leakance, explains why special steps are taken to 
secure high insulation. 

For the foregoing reasons the tenninatirig points and connecting 
frames for loaded circuits should be of high insulation to alternating 
currents. 

On this account, special terminating arrangements have been 
made in connection with the London-Birmingham-Liverpool Cable. 
Special transformers of high insulation are used, through which all 
circuits pass before being connected to the internal wiring. This 
arrangement also secures the maximum of freedom from noise in 
the circuits by preventing their direct connection to any local faulty 
circuits. The risk of damaging the loading coils by heavy currents 
is also reduced to a minimum. These advantages must be balanced 
against some loss of transmission efficiency in the transformers in 
certain cases. 

187. The Loaded Superimposed or Phantom Telephone Ciiovlt In 
nitderground CIroults.— Phantom circuits have often pre^ioudy been 
looked upon with more or less misgiving owing largely to the fact 
that if one of the side circuits in a phantom umt is out of order, the 

Ehantom_necessarily fails with it. The maintenance of such circuits 
as, moreover, been difficult owing principally to the fact that cross- 
t<dk has been much more troublesome than in ordinary circuits. 
The difficulties, however, have been generally due to unstable 
electrical conditions (which are inseparable from open lines) and 
also unbalance between adjacent wires and pairs in cables. In a 
balanced cable of high insulation, however, the difficulties referred 
to are reduced to a negligible point, and a stable condition is normally 
obtained. Not only is this so, but a phantom circuit in an under- 
ground air space M.T. cable is actually more efficient than the side 
circuits associated with it. This may be deduced from formula {51) 
Chap. VIII., which applies to any circuit having its maximum. 
loading, whether it be a phantom or side circuit. It is clear from 
this formula that the comparative efficiency of any two circuits, 
when only their capacity and resistance vary, is inversely proportional 
to \/CR. Now in a phantom circuit the line resistance is only half 
that of the side circuit, but the capacity is never so high as twice 
that of the side circuit. 

Two theoretical diagrams of a loaded phantom circuit are given 
in Fig. lor. These show the electrical actions in the side and 
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phantom circuits respectively. Only the coils at one loading point 
are shown to simplify the matter, altnough in practice this arrange- 
ment would be repeated at every loading point. The action 
in the side and phantom circuit is shown separately, but when alt 
the circuits are working, the actions shown in the two diagrams 
would be superimposed without interfering with each other. It 
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is hoped that with the aid of the various symbols shown on the 
diagram it will be found self-explanatory. It will also be evident 
on examination that the coils in the phantom circuit in all cases add 
their direct current resistance to the side circuit, and that the D.C. 
resistance of the side circuit coils is added to the phantom circuit, 
so that it may be seen that although a phantom ofhigher efficiency 
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than the side has been obtained, yet the side circuit has been some- 
wl^t reduced in efficiency. The gain in the phantom is, however, 
generally much peater than the loss in the side circuit. 

The details in paras. 189 and igo give an important apphcation 
of the principles laid down, t>oth as regards side circuits and phantom 
circuits. The type of loading employed comes under the definition 
of light loading. 

188. Praetieal Applleatioiu of Serlw Lumped or Coll Loading to 
OnderKTOiind Clreoitt. — Three stock types of coils are available for 
use as follows : — 

(i) Coils having an inductance of 250 mh. Heavy. 

(2) „ „ ,, 175 mh. Medium. 

(3) .. " " 133 mh. Light. 

As a general rule 250 mh. per mile is not exceeded in practical 
loading. 

The above coils are for side circuit working. For phantom circuits 
the amount of inductance required is always different from that of 
the side circtiit, as the resistance and capacity of the phantom circuit 
are of course different, and by M for the same spacmg distance the 
value of L may be expectedto De different. The reader is referred 
to Chap. XII. for the considerations affecting the type of loading 
to be chosen. 

It is possible to provide phantom circuits, as already explained, 
but these circuits cannot at present be obtained unless the 
electrostatic capacity associated with each wire in a given length 
is equalized by selecting component shorter lengths of conductor, 
some of which have a capacity in excess of the mean, and others a 
defect, and connecting these snorter conductors in such a way that 
the capacity of all the conductors when measured from the ends 
of parts of a loading coil section are approximately equal to each 
other. These operations are for the most part conducted on the 
road during laying, but it is possible and desirable that the cable 
before leaving the factory should have all its conductors as well 
balanced for capacity as possible. The subject of balancing cables 
is dealt with by Mr. S. A. Pollock in articles in the I.P.O.E.E. 
Journal for April, 1914, and January, 1915, and in an Appendix to 
the Post Office Technical Instruction, No. XIV. 

189. London-Uverpool Coll Loaded Underground Cable. — ^This 
cable was loaded by means of loading coils having a value of ^^ = 50 

and ^-1 = 35. The side circuit coils had an inductance of 133 mh., 

and the phantom circuit 82 mh., the spacing distance being 25 
miles for both side and phantom circuits. The following details 
of Post Office tests on the completed cable are taken mm the 
Post Office Engineers' Journal from an article contributed by the 
author. 

The manufacturing, laying, and balancing of the Birmingham- 
Liverpool section of the cable was carried out by the British InsSated 
and Helsby Cables, Ltd. 

The loading coils were supplied by the Western Electric Co., 
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Ltd. They were, however, fixed and jointed in the cable by the 
Post Office Engineering Staff. 

The following table shows the mean results of direct and alter- 
nating current tests made on the cable between Birmingham and 
Liverpool, and gives comparative values for the efficiency of the 
various circuits under the neading of the Attenuation Constant ,8. 



Direct and Altkrnatuig Currbht Tbsts. Mban 
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• Not phantomed. 

The mean measured characteristic impedance of the side circuits 
is 1060" and of the phantom circuits 585", with a range of variation 
ol about 8J per cent, on each side of the mean figures. 

Fig. 102 shows the effect on the attenuation constant of varying 
the frequency between the limits 2jr/=3ooo and 25r/=7000, / being 
the number of periods per second. The variations of p show the 
amount of distortion with frequency, and indicate to what extent 
distortion of speech may be expected. It will be seen that the range 
of variation is about 11 per cent, on each side of 2ff/ = 5ooo. The 
changes are principally due to the increase in effective resistance of 
the loading coils, and increase of leakance in the cable, both in- 
creasing with frequency of current. The effect of coO spacing 
also has some effect. In practice the articulation is quite 
satisfactory. 

Fig. 103 shows the variation of attenuation with current. This 
variation is probablv largely caused by variations in the effective 
resistance of the loading coils, due to the alteration of current. 



itizecy Google 



-012 
-Oil 
-OIO 
■O09 
-OOfl 
•007 
■OOt 
■00! 

OO' 

ZOOO 3000 4000 5000 60O0 7000 OOOU sw«w 

Fig. i<w. 

08 

■OIOS 

07 
■OI07 

•oio. 

05 
■ OIOS 

I04 
•0104 

103 
•0109 

loe 

•0102 

lOI 
■0101 

1100 
°'°^ O OS 10 1-5 80 2-5 30 99 ■.-" - ■■' 



Fig. I03- 

L.,.„i,.,. „V^iOOgle 



the loading of telephone circuits— a.c. case 197 

Speech Tests. 
Birmingh am-Li verpool , 
The following gives the result of the standard cable tests of the 
various types of circuits expressed in their standard cable equivalents 
{S.C.E.).' (For details of method of test see Chap. XI.) 
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These figures do not include transformer losses (S.C.E. i'5 per 
circuit) or terminal losses. For " through " connections and long 
subscnbers' connections at the cable ends, however, these losses are 
generally small. In the case of short subscribers' circuits the ter- 
minal loss is greater, but the speaking efficiency on short lines is, 
of course, also greater than on long ones, and more than compensates 
- for the greater terminal loss in the short hnes. 

190. London- B[rmlnghain Loaded Underground Cable. — ^Ttiis 
cable was manufactured, laid, balanced and loaded by the Western 
Electric Company, Ltd. 

The following table shows the mean results of direct and alter- 
nating current tests made by the Post Office on the cable, and gives 
values for the efficiency of the various circuits under the heading 
of the attenuation constant " fl." 
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Speech Tests (excludins Transpokhbrs). 
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Add 1'5 m.s.c. for Transfonnera. 
Side Circuits — Mean Chamcteriittic Impedance Qoo-lnith small nega,- 
Phantom „ „ „ „ 586i>/ tlve angle. 

Although the measured insulation wire to wire per mile was in 
the neighbourhood of 20,000 megohms, and even higher in some 
cases, the effective insulation when zw/^jooo was equiv^ent to 
about one megohm (see Chap, VIII., " Leatance"). 

191. Tha AppUeatlon of Coll Loading to Aerial Lines. — Aerial 
circuits weighing 200 lbs. per mile and over are sufficiently loaded 
by their natural mductance to bring them in the category of circuits 
in which aiL is sufficiently great in proportion to R and tuC sufficiently 
great in proportion to G to permit of formula (6), App. VI., 
being used for calculation of their attenuation constants, and 
they may therefore be regarded as pariiiy loaded. It is conse- 
quently natural to expect that loading does not produce the same 
degree of improvement as in the case of underground cables, where 
the natural inductance is relatively small. On the other hand, the 
degree of improvement produced oy loading results in economy as 
compared with the alternative of increasing the gauge of copper 
wire. Thus by spacing coils eight miles apart between London and 
Glasgow in a 300 lbs. aerialcircuitit can be made fully equal to a 400 
lbs. unloaded circuit in the worst winter conditions ; tne mean annual 
improvement being a reduction of j8 by 30 per cent. As more than 400 
miles of aerial circuit is involved, and the saving for double wires is 
200 lbs. of copper per mile, assuming the loaded circuit to be only 
equal to a 400 lbs. circuit, but allowing for terminal loss, the saving 
in copper is obvious. It is much greater in value than the coils. 

Tne special characteristics of aerial loading are— 

(a) It is usually possible to load for a minimum p and still 
maintain a spacing distance as wide as eight miles apart in accord- 
ance with the rule given by {17). This is because of the relatively 
low capacity. 

(6) The characteristic impedance is relatively high for the same 
reason, although the amount of inductance required to produce the 
minimum ^ is small. This is ^asily seen by an application of the 

relative formulae, viz. 20=*/= and (55), Chap. VIII., to the case of 

a 300 lbs. conductor ; the constants of this unloaded conductor are 
given in Table II., Chap. VIII. A series of experiments were made 
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by the Post Office on this circuit, and these may be summarized as 
follows. The coils used have an inductance of 266 millihenrys and 
with eight mile spacing this gives 33-3 millihenrys per mile, to 
which must be added the natural inductance of the circuit 3"8 milli- 
hemys per mile, and we thus obtain 37 millihenrys per mile. The 
amount of inductance required for fim by (55) iis 42 millihenrys. 
The inductance selected gives an attenuation constant which is 
with in I per cent, of that value. The characteristic impedance is 
1900X0° 24' with the loading named, whereas the same circuit 
unloaded has a value such that Zo=637\ 8° 55'. The terminal loss 
with zero loop on the standard apparatus was 84 m.s.c. (see Fie. 
144}. The calculated attenuation constants, showing variation with 
leakance for the 300 lbs. circuit when unloaded and- loaded, are 
shown in Fig. 104. 

The mean measured attenuation constant was 000291 when 
loaded with the 266 millihenry coil and 0'00570 unloaded, at a 
frequency such that 2ir/~5ooo. The attenuation constant was 
therefore practically halved by loading. The mean value of t< 

was found to be about 135, giving two-thirds of a megohm per mile. 
The fact was clearly brought out in these experiments that the 
efficiency of loaded aerial fines depends largely on the insulation 
which can be maintained, and it is, moreover, tne winter condition 
which determines the type of loading, as it is necessary to maintain 
the pubUc service when the transmission value of the circuit is at 
its minimum (winter) point and to select the loading so as to give 
the best result when this occurs. 

It is usually assumed in calculations that leakance is uniformly 
distributed, but as a matter of fact this is frequently not the case 
in long aerial hues, principally owing to local weather variations 
and leading in at testing offices. For this reason measured results 
may differ to some extent from calculated ones. On the whole, the 
vanations noticed between calculation and measurement were not 
more than would be accounted for by local variations of insulation. 
The assumption of uniform leakance gives rise, on the whole, to less 
error than any other. 

The marked terminal losses found in connection with aerial 
loading point to the conclusion that terminal transfonners are 
desirable. These transfonners are so designed that the impedance 
of the two windings of the transformer are suitable for working in 
connection with loaded and unloaded circuits respectively ; they can, 
of course, be varied to meet different reqtiirements (see Fig. 145). 
Aerial loading is not suitable for short lines on account of terminal 
losses. Its scope in the United Kingdom is limited, and moreover 
the present trend of progress is in the direction of loaded undergroimd 
circuits. For fuller details of this t^e of loading see a paper by 
the author, "The Loading of Aenal Lines and their Electrical 
Constants," No. 54, Institution of Post Office Electrical Engineers, 
Professional Papers. 

192, Attenuation Measurements of Power and Current in Coll 
Loaded Circuits. — ^The usual method of determining the attenuation 
constant is to deduce it from measurements of open and closed 
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impedance as described in Chapter X. The formute on which the 
measurements are based are strictly applicable to uniform hnes only. 
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In that case there is a fixed angle between volts and current in an 
infinite line, and therefore in measuring the attenuation of current 
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on such a line the power can be readily deduced. Experiments 
have been made by the Post Office Research Section dn lumped 
loaded lines, by measuring the power at different points on the hne, 
and it is found that the measured attenuation of power is very near 
to the results deduced from measurements by the open and closed 
method. This latter convenient method is therefore accepted as 
valid, and attenuation tests are usually made on the open and closed 
method. 

19S. Distortion In Series Coll Loaded Clr6i)lts.~It follofis from 
Pupin's rule and applications of the T and n equivalent circuit to 
the case of lumped loading, that attenuation increases with fre- 
quency and in me case of very high frequencies the attenuation 
attains excessive values. 

The effective resistance of loading coils also increases with 
frequency. In the case of underground coils of the older type 
between the limits of 800 and 1780 cycles per second, the re- 
sistance of the coils is a little more than doubled, so that it may 
be stated that within this range the total effective resistance does 
not increase more rapidly than the frequency. (The total effective 
resistance includes the direqt current and A.C. components.) 
The component due to frequency effects increases, however, more 
rapidly than the frequency, out less than the square of the frequency 
in the loading coils m question. In the newer type of coil the dis- 
tortionshouldbeless (see para 183). In airspace lead-coveredcables, 
experiment shows the leakance to increase lirectly as the frequency, 
the ratio — ^ being constant (see para 149). 

In practice excessive distortion' is provided against in Great 
Britain by controlling within fixed limits each of the factors giving 
rise to distortion, thus : The error due to lumping is controlled by 
the spacing law (17) based on experiment. The eff^ive resistance 
is controlled by specifying limits for the resistance of the coil at 
1780 periods per second. The leakance is reduced as far as possible 
by providing for a very high direct current insulation. A selection 
of the most suitable materials is however essential to the best results, 
and this factor is borne in mind. 

IM. General Hotes on Distortion In Transmission Lines. — The 
distortion on a short transmission line is materially different from 
that on a long one. As an example, suppose that a transmission 
hne has two frequencies (with the same alternating voltage) 
impressed upon it, the frequencies being within the range of the 
voice, and the attenuation constants p and Pi being |3 =0'i and 
Pi = 0'iZ5. The relative current value at the end of i mile from 

the sending end in an infinite line would be ^_p., =5:^. or a 

difference of 2'$ per cent, on 0905. If the length be now increased 

to 30 miles the relative currents (assuming equal characteristic 

impedances) would be .„ = rrrA, or a difference of 52 per cent, 

on o'oj. This shows an enormous increase in distortion with length, 
and experiments by means of speech tests prove that a great 
difference exists in distortion on very short and very long Fines, 
in the cases where the distortion is most marked in transmission 
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lines, i.e. high resistance underground cables and submarine cables. 
The effect w length should always be borne in mind in deciding the 
suitabiHty of a given type of loading. In making speech transmis- 
sion tests to ascertain the effects of distortion it is important that 
the telephone used should itself be normal from the point of view 
of distortion, as determined by the quaUty of its articulation, 
otherwise m^eading results may be arrived at. For the same 
reason^^ before deciding the suitabiUty of any line, or apparatus, 
or a combination of the two, for commerical service, it is impor- 
tant that the possible combinations in service conditions should be 
taken into account, thus loaded and unloaded lines, worked by 
means of telephone relays, and telephone apparatus, are all subject 
to more or less distortion in certain conditions, and the service can 
only be satisfactory when the combined effect of the whole is 
satisfactory. It is clear from this that tests of telephones for 
acceptance (for example) should take into account the hne they 
will oe required to work on, or in default of this be suitable for 
working on the most unfavourable combination. 

195. The effect on the Attenuation Constant of the addition of the 
Phantom Circuit Coil. — For any particular case the attenuation 
constant may be arrived at by adding the resistance of the extra coil to 
the value of "R in the formula, as applied either to a side or phantom 
circuit. There is, however, no necessary rigid general relation 
between the j8 or the minimum B of the side and phantom circuits. 
This is evident from the fact (a) that the capacity in aerial and 
underground phantom circuits has not a fixed ratio to that of the 
relative side circuits ; {b) that in all classes of loaded circuits a 
different type of coil may be used for the side and phantom circuit. 
Experience shows that m the type of loading hitherto adopted in 
underground circuits, the addition of the phantom coil increases 
the B of the side circuit by 5 to 6 per cent., but this depends on the 
grade of the phantom coil used and the circuit in which it is utilized. 
In this case the side and phantom coils have the same value of 

K.,.-...50. 

It should be borne in mind, when calculating the minimum 
attenuation constant of a loaded side circuit which has phantom 
coil windings in its circuit, that the phantom coil direct current, 
resistance varies with the amount of inductance, and that therefore 
it cannot be taken as a constant. The amount of variation of re- 
sistance depends on the method of winding the coil. In the absence 
of information it is sometimes taken to vary as the square root of 
the inductance of the phantom circuit. The effect of this increase 
in resistance is to reduce the maximum inductance permissible in 
the side circuit, as compared with the amount permissible in its 
■absence. 

196. The Applleatlon of Continuous Loading to Underground 
Clrouils.— As already mentioned this type of loading finds a useful 
apphcation in providing short lengths of cable to replace unloaded 
underground sections of small length in aerial lines. 

The following details refer to cable of this type used in the 
United Kingdom and manufactured by the British Insulated and 
Helsby Cabfes, Ltd. 
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The cable, which contains 24 pairs of 150 lbs. telephone con- 
ductors, is paper insulated and lead covered. The loading consists 
of two iron tapes wound spirally on the copper conductor in two 
layers. 

The following are the constants of the phantom and side circuits 
per mile loop as measured at a frequency such that zn/ = 5000 : — 

Pbonlom ^i^t. Side dicolt. 

Refl, . 705 ohms. i4'23 ohms. 

G . . . 1733 micromhos, 1-214 micromhos. 

C . . . 0088 X io-« farads. 0-055 X io-« farads. 

L . . . 0-0104 henry. 0-OZ03 hemy. 

Zo - ■ ■ 343- 590X2^- 

Fig. 105 shows the attenuation constant of both the side and 
phantom circuits for different frequencies. At the standard fre- 
quency of 800 p.p.s. the result is good for a tape of the thickness 
used. It was found that although the attenuation constant varies 
appreciably with increase of frequency, the characteristic impedance 
remained nearly constant over a wide range of frequencies. This is 
probably because the increase in resistance is neutralized in the 
impedance measurement by the increase in leakance. The constant 
impedance would be advantageous in the balancing of telephonic 
circuits. The effective resistance and leakance, however, have no 
nec^sary connection with each other. 

The ratio -^ , as measured at different frequencies, followed a 

straight-line law. The value at 2ir/ = 5000 was 20. 

197. The Application of Loading to Submarine Cables. — The 
loading of these cables is at present effected either by lumped series 
loading or continuous loading. 

The submarine cable differs from the underground cable elec- 
trically by its relatively high capacity, this being dependent on the 
specific inductive capacity of the insulating medium, which is, of 
course usually some form of guttapercha. Owing to the expensive 
nature of this material it is a very important factor in determining 
the economical design of the cable. 

Series Lump-loaded Submarine Cables. — The insertion, laying, 
and maintenance of loading coils in these cables present obvious 
difficulties which have, however, to a large extent oeen overcome. 
From the efficiency point of view the dimensions of the coils are 
Umited largely by difficulties in lajdng, whilst from maintenance 
considerations the coils are fixed at uniform distances of one naut 
apart at present. The fundamental formulae already developed in 
Chap. VIII., (48) to (52) and (61) to (65}, and also (17) in this chapter, 
apply to submarine cables. 

Owing to the high capacity of guttapercha covered cables the 
charactenstic impedance of circuits in them have a comparatively 
low value as compared with loaded circuits in aerial and underground 
circuits. 

Hasimum speed ol Signalling and Hlnlmum j3 with « Given 
Diameter D. — Lord Kelvin was the first to formulate a law connect- 
ing the quantity of materials (copper and gutta) with the speed of 
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delivering signals at the receiving end of the circuit. This law states 
that if a conductor of diameter discovered by an insulating material 
to an outer diameter D, of the core, then the speed of signalling is a 

maximum for that diameter D when log'^ =logi'<i/e = \. This law 

is usually allied to telegraph cable circuits, but it has a close rela- 
tion to the conditions governing the attenuation constants of 
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Fig, 105, — pot continuously loaded Air-Space Cable. . Variatiwi with Frequency. 

telephone circuits in high resistance submarine cables, inasmuch as 
the conditions for maximum speed may be deduced from the formula 
for the attenuation constant as follows. 

In the case supposed we have by (57), Chap. VIII. — 

p = Vh^CR or J| = „ = 2„/ . . (18) 
whence £r=^ (^9) 
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In this' fonn the frequency f (or speed) is seen to varv inversely 
as CR for a constant attenuation of signals fi. If we write A for 
the constant ^ the formula becomes 

m--' '^"i 

But the capacity varies as w by (37), Chap. VIIL, and the 

resistance varies as ^ by (13), Chap. VIII., so that the speed varies 
^ dk' °^ '°^ J^*^- ^^'^ proved in problem 2 (96), Chap. I., 
that the maximum speed is obtained when log, T-s=l=log, y/^- 
When this relation obtains we have 

^ = 1-648 (21) 

i.e. if the conductor had a diameter of loo mils the thickness of 
guttapercha would only be 324 mils, which would not be considered 
10 be mechanically safe, and-is therefore inadmissible. 

Modem telephone submarine cables are concerned with a formula 
of the same type as that just dealt with, but diflering in details. 
The formula lor the minimum attenuation constant in a loaded 
submarine cable is that given by {51), Chap. VIII., viz. 

;8»=^CR(^^+g) .... (32) 

Here ( J^ + ^^ lis a constant for a fixed frequency and may be 

called Aj. Foimula (22) may be stated in terms of D and d as 
in the former case, and by analogy we may then write 
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If {23) be difierentiated and the minimum value taken, we obtain 
log,j-i 
which is the same result as that obtained in the preceding example 
relating to maximum speed, except that in the case of (23) a 
minimum value is obtained, whilst in connection with (18) a maximum 
value was found. It will therefore be seen that the same conditions 
determine the maximum speed and the minimum B. This problem 
could be dealt with by plotting a graph similar to Fig. 4, Chap. I, 

It is not possible to work to the ideal proportions of gutta- 
percha and copper, for the reason given in {21) , but owing to the 
expensive nature of guttapercha the cheapest cable is obtained for 

a given ^ when the ratio -j is as snail as possible, conastent with 
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mechanical safety. In practice the thickness of guttapercha cannot 
be reduced below a certain point determined by experience. The 
limits of thickness permitted in present practice will now be 
considered. 

19S. Formula for the Weight and Thlekness of OutUpeteha 
Covering of Submarine Cable Conduetors, — ^The area of cross-section 
of the guttapercha with a given outer diameter of core D and a 
diameter of conductor d is equal to 

.ffiir^ M 

and this area is proportional to the weight of guttapercha in the 
case of two conductors of etjual length and diSerent diameters. 

The following formula gives the weight W of guttapercha per 
naut for a 7-strand conductor, d being the diameter outside the, 
strand (D and ^ are in mils) : — 

w=5i^' ..... fe) 

The diameter of a soUd conductor, a 7-strand conductor, arid 
a lo-strand conductor, in mils, may be obtained as follows : — 

Solid conductor, d =7'366v'Wi) 

7-Strand conductor, d =&%^Wl [ . , . (26) 
lo-Strand conductor, d = 8'IiV Wi ) 
Here d is the outer diameter of the strand and Wj the weight 
per naut of the conductor. Strands over 10 in number are some- 
times used, but the diameter does not vary more than 2 per cent, 
from the lo-strand wire in any case. 

A method often employed by manufacturers is to provide 
guttapercha in accordance with the rule that the thickness T of 
guttapercha varies as the square root of the diameter d of the 
conductor, T and d being expressed in the same unit — mils or mm. — 

T = aV? (27) 

where a is a factor determined by experience. 

A figure recently employed by the British Post Office is 

T=8V^ (28) 

for unloaded or coU loaded cables, and 

T=8v'ST2( (29) 

for continuously loaded cables, i being the thickness of the iron 
winding. 

The 310 lbs. loaded cable in Table I. is made in accordance with 
{28). A near approximation to the weight in lbs. per naut based 
on the thicknesses given in formula (28} is obtained by the following 
arbitrary formula; 

W = r9(i-38) (30) 

and in the case of formula (29) : 

W,=i-9{(<i+2<)-38) .... (31) 



,1,1.0, Google 



THE LOADING OF TELEPHONE CIRCUITS— A.C. CASE 207 

In these cases d is expressed in mils: it is the diameter outside 
the copper strand. 

To see the effect of the addition of wire to the condactor an 
example will be useful. 

A conductor weighing 308 lbs. per naut (75;3 kg, per KmO has 
a diameter d outside the copper strand of 143 mils {3'6 mm,). From 
(30) the weight of gutta required is 198 lbs. per naut (iS'oi kg. per 
Km.). If this wire were covered with an iron winding 18 mils 
(o'457 mm.) thick, the diameter d + zt would be 178 mils {4-52 nun.), 
the weight of gutta required from (31) would be 266 lbs. per naut 
(65'04 kg, per Km,). 

169. Leakanee In Onttaiwteha and Balata Cables. — Ordinary 
guttapercha has a relatively high leakance to alternating currents, 

the value of ?^ (see Chap. VIII., para 149) being in the 

neighbourhood of 120 at an/ = 5000. This has a serious effect on 
the attenuation constant and limits the improvement which can be 
obtained by loading. Messrs,- Siemens Bros. & Co. in 1911 intro- 
duced a form of balata dielectric with a value of ^ at 2ir/ = 5ooo 

not exceeding 20. The use of this dielectric results in a notable 
decrease in the attenuation constant, as may be seen by comparing 
the Anglo-French cable, which is insulated by guttapercha, with 
the later types in which the new type of dielectric is used. (See 
Table I.) ^ 

200. Economy of Material resulting; from Loading.— It was 
formerly considered necessary, before the introduction of loaded 
cables, to employ a thick insulation of guttapercha to reduce the 
capacity, and consequently the distortion of speech, in unloaded 
cables. The usual type of cable was one having conductors weighing 
160 lbs. per naut and a guttapercha dielectric weighing 300 lbs, per 
naut. This was also employed in the Anglo-French loaded cable 
shown in Table I., but the experience with that cable showed that 
the thickness of gutta could be reduced, and this was done in all 
subsequent coil-loaded cables, the weight of guttapercha being 
reduced to 150 lbs. per naut, the conductor remaining the same. 
The material reduction in leakance with the newer type of dielectric 
at the same time reduced the distortion. The speaking range of 
the same cable is increased nearly four times by coil loading. Fig, 
106 shows tests of a cable of this type. The upper curves relate to 
side circuits and the lower one to toe phantom circuit. 

201. Impedanoe of Coil-loaded Cables. — If the impedance of these 
cables is measured at frequencies which increase by a small number 
of cycles per second, over a large range of frequencies, as shown in 
Fig. 107, tne frequency curve is not smooth ana regular, but it rises 
and falls as shown in the figures. 

This curve represents the result of impedance measurements at 
frequencies varymg from 480 cycles per second rising by 40 cycles 
to 1280 cycles per second. Similar curves are obtained as the result 
of tests on underground loaded cables. It is possible that the 
cause of this phenomenon is that the capacity of^the cable, or the 
inductance of the coUs, or both, are not absolutely uniform along 
different sections of the cable. Every coil with half a loading 
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section on each side of it , has a tendency to resonate at some frequency, 
and as various frequencies are applied to the cable in the process of 
measurement, some of them, in combination with the capacity and 
inductance of the cable, give greater amplitude of sent current than 
others. The curve shows the resistance and reactance components 
of the impedance plotted separately. These variations of im- 
pedance have a special signincance in tdephone relay working, 
where it is necessary to ba^ce the loaded circuit by means of an 
artificial circuit, as shown later in Chap. XIV. 

Table I. shows the various types of coil-loaded submarine cables 

00170 
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Fig. 106.— Variation of j8 with Frequency in a Coil-loaded Submarine Cable. 

used by the British Post Office. The list is not exhaustive but it 
includes types of all the coil-loaded cables used. 

202. Experiments in working Two Loaded Phantom Circuits In a 
4-WIre Submarine Cable. — In addition to the two direct circuits 
formerly worked in the 4-wire Anglo-French telephone cable, two 
phantom circuits have also been worked in the continuously loaded 
submarine cable between Abbots Cliff and Grisnez. This service 
was proposed by the author and maintained satisfactorily for some 
months prior to the war. One of the phantom circuits is worked 
on the ' loop," and the other is made up of four wires earthed at 
each end of the cable, Cuirents passing in parallel along the four 
wires in the same direction do not interfere with loop working 
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either on the side currents or loop phantom circuits. This experiment 
definitely proves the possibility of sin^e-wire communication on a 



1 
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congested cable route, and it at the same time shows a cheaper 
means ot providing four telephone channels of ctmununicatton 
than would be possible in separate single-wire cables. 
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It must be premised to justify this assumption that the sea is 
not too deep for a 4-wire cable to be satisfactorily laid. There is, 
of course, no difficulty in laying 4-wire cables in the English Channel, 
and generally round the Engfisn coast, but in deep seasithere are 
cases where the weight of such a cable would be too great, but where 
asingle-wire cable could be laid. 

A theoretical diagram of the arrangement for working four 
circuits in a 4-wire cou-Ioaded cable is given in Fig. 108. 

The arrangement of coils shown is that provided by Messrs. 
Siemens Bros. & Co., and used in 4-wire coil-loaded cables by 
the British Administration. The explanation of side and double- 
wire phantom working is the same as that given in connection with 
Fig. loi. In this case, however, the two separate coils used for 
phantom working theoretically permit of the four-wire earth 
circuit being also loaded : the currents in this circuit are shown by 
the straight arrows in Fig. 108. The continuously-loaded cable, 
however, may claim the tustinction of being the first to permit of 
solving at the same time the problem of single-wire telephone 
working on a congested route, and of obtaining four telephone 
circuits from four wires in one cable. Up to the present it has not 
been found possible to successfully estabUsh the earthed phantom 
on the coil-loaded cable, although in practice thedouble-wire phantom 
is quite successful in the same type of cable. The theoretical 
diagram givgn in Fig. no shows the four single-wire circuits 
extended to the distant terminal station by means of three land-line 
circuits, the fourth being obtained by superimposing. This is^ of 
course, theoretically possible, but in numerous cases the aerial Imes 
are too long or the conditions too difficult to permit of a stable 
superimposed balance being obtained in the aerial section. 

In such a case four separate aerial circuits are provided as 
shown in Fig. 109. It is absolutely essential that all direct 
connection between the land lines and the cable be avoided. If 
this is done, the currents shown by arrow-heads in Fig. no, and 
which are induced in the aerial telephone loops by extraneous 
sources of disturbance, i.e. telegraphs, power circuits, etc., are 
annulled at the centre point of the transformers on the land side. 
If there were metallic connection between the aerial lines and the 
cable, however, this would not be the case ; on the contrary, the 
induced currents passing in parallel over the cable wires, would 
disturb the earthea phantom circuit and would probably render it 
unworkable, this was indeed proved in the prelimmary experiments 
made before the phantom circuits were established. 

The only serious difficulty in obtaining four circuits in a four- 
wire cable arises from the fact that the four conductors have not 
exactly the same electrical constants. 

The distributed capacity of the four wires especially shows a 
want of equality which tends to give rise to inductive dostutbaace 
in a loaded cable. 

The capacity of a submarine cable is very hi^. For example, 
the capacity of a single-wire to earth in a guttapercha insulated 
conductor of large diameter, is often more than o'4 microfarad 
per naut. A smaJl percentage difference in the capacity of two 
such wires joined in paralld for phantom working is sufficient to 
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produce appreciable overhearing. This source of out-of-balance 
afiects both coil-loade<4 and continuously-loaded cables, and satis- 
factory phantom working demands, in fact, much greater exactitude 

Two Side Circuits and Two Phantom Circuits in a 4-W1RE Loaded 
SuBUABiife Cablr. 

•* — S/X CUXmT PMAftTOM OPCVrr —^ 

Fic. 108. — ^Theoreticsl Diagram of Cable Circuits. 




THAflSfORMCRS 



rfiAffSFOFMCKS 



Fig. iio. — Cable ccmiiected to Tluee Land Lines. A Fourth being 
provided by a Phanton on Pairs I and 3. 

of capacity balance than is normally obtained in manufacture. In 
underground cables the difficulty is overcome by crossing the wires 
until the conductors have a nearly equal capacity. In the case of 
four-wire submarine cables, however; the difficulty is greatly 
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increased, owing to the relatively high capacity of such cables, and 
the fact that the number of possible combinations in four wires is 
much smaller than in underground cables. In coil-loaded submarine 
cables the difficulties axe mcreased by the necessity of separate 
coils for the phantom circuit. If the balance difficulty can be 
satisfactorily dealt with, there appear^ to be no reason why four 
telephone circuits from four-wire cables should not be a permanent 
feature. 

203. Continuously-loaded Submarine Cables. — ^The principal 
advantages and disadvantages of this tvpe of cable have already 
been outlined. The extra thickness of guttapercha necessitated 
by this method of loading (for equal mechamcal strength) may ■ 
be seen by comparing (28) and (20). On the other hand, any extra 
cost of maintaining coil-loaded cables as compared with continuously- 
loaded ones shouldbe taken into account in making a choice between 
them. 

The possibility of obtaining, a fourth or earthed phantom 
circuit in a four-wire cable of this type constitutes a valuaole asset 
for it. 

There are varieties of service for which this cable has great 
advant^es. For example, where it is required to cross a wide 
river or an estuary with a large munber of wires, it is possible to 
obtain a relatively large number of circuits in a continuously- 
loaded cable, where colls would be difficult or impossible to lay and 
maintain. It has, for example, been proposed, and appears to be 
practicable, to obtain a seven-quad continuously-loaded cable with 
70 lbs. conductors and continuous loading. If, as hoped, seven 
phantom circuits could be added to the fourteen pairs, a very 
valuable cable would be obtained. Technical data of such a cable 
are given in Table II. In this connection it is probable that the 
extension of telephone relay working will render it advantageous 
to utilize Ught conductors for cross-channel work, and the ordinary 
four-wire cable could then be replaced by a cable with thinner 
conductors and more pairs of the continuously-loaded type. 
It must not be overlooked, however, that in the event of a break- 
down more circuits would be thrown out of use than formerly. On 
the whole, the prospects for the extension of the use of this kind of 
cable are very favourable. 

Table II. shows details of some recent continuously-loaded cables. 
A complete comparison would necessitate results at several fre- 
quencies to show the relative distortion, but unfortunately these 
are not always available. Such comparisons are, however, very 
important in these cables in view of the wide range of permeabiUty 
and effective resistance. To give an idea of the relative quantities 
of copper and guttapCTcha required for coil-loaded and continuously- 
loaded cables respectively Table III. has been prepared ; this shows 
the result of loading a 300 lbs. conductor by both methods, the 
guttaper<iia being arranged so as to give the same mechanical 
strength. It is clear from the comparison that on this basis the 
method of continuous loading must be the more expensive of the 
two. This, however, is only first cost, the relative advantages and 
disadvantages of the two types already pointed out must also be 
taken into account. 



3,3,l,zec.y Google 



TELEPHONIC TRANSMISSION 







t 


8 

s. ' 

I 1 




1 1 


1 
1 
3 


^1 


?| °» 


•« 1 ' 


i 
1 


• 


! f 


b b 


); 






1 ; 


4 : ? 1 


1 s 


1 


-II" I 


C s 


g 


"W 1 ? s: II 1 


n 


^■s 


s » 


1 « 


fl 


11 


1 ^ 


'} 






!i 




3 . 


s 


i 

i 


n 


§, i 


1 = 


1 


» 


I i 


8 ^ 




] 


^t 


J 1 II 






i 


III 


i 


Vancouver- 
Victoria 

Proposed British 
cable for estuary 
work 



Dijiiiieo, Google 



THE LOADING OF TELEPHONE CIRCUITS— A.C. CASE 215 









." 


Is 


?IH 


; 


1 


i 

1 

f 
1 


i 


« 


K? 


ssss 


3 1 


« 


1 ° 


Er? J5 


.■ 


11 


C.5.?? 


; 1 




? 


5-? 


bbbb 


0,0 


S° 


sssa 


tl 


iji 


5-5-„- 


j|l«s«« 


1 

1'? 


1 


b b 


bbbb 


il 


■'it 


88 

b b 


b b b b 


.1 




If 


K^ S^ 


+ 


m 


°S I 1 1 1 




« 


■:i 




II 
If 

•3 S 


1 


1=5 


%% 


»«JI 


rl 


rs. 


°«°s. 








55 


R.3-" 3> 


1 i 




1 1 siss-s 


■5 1 


' 


3-* 


^*3-H- 


11 

I! 










s 


liillill 



Do.ieo, Google 



2i6 TELEPHONIC TRANSMISSION 



3M. Relation between tbe TUekneii of Loading Wire and the 
Attennation Constant. — This can be shown in a general form as 
follows :— 

Formula (12) gives the inductance L ot a wire of diameter d with 
a given thickness of iron t. If the same conductor of diameter d 
be wound with a difierent thi<iness of wire ^i to produce an induc- 
tance Lj the value of |— is 



Having thus obtained an egression for r-, next let i be the 
thickness of iron required to produce the value of L required for 
fim, and let ti he the thickness of wire required to produce any less 
inuue of inductance Lg. t and d wUl in that case be constants and 
ti variable. Then (5) may be written 



^ggg^N/§^ I 



(33) 
and by (6) p = fim > 

205. Lumped Loading by Leaks (Leak Leadinc). — Professor 
Silvanus P. Thompson took out a British Patent (No. 22034, 1891) 
for the application of distributed inductance leaks applied to 
telephonic circuits, and this appears to be the firet recordetf definite 
proposal for leak loading. 

A fonnula for the attenuation constant of the leak-loaded 
circuit may be derived from that for the complex attenuation 
constant, which applies to uniformly distributed circuits, viz. — ' 

Y = V{R+J-mG+j<^} ... (34) 

(See (14), Appendix I.) To adapt this formida for leak loading 
suppose that an impedance R^ -\-jaiLi is placed as a leak from wire 
to wire at sufficiently short intervals to permit of the distribution 
assumed in the formula still bein^ effective. Assume that the 
impedance of the conductor R +jtaL is unaltered. In the stipulated 



Here Ri is the effective resistance of ttie added impedance and 
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Li its inductance. Separating the real and imaginary quantities 
we have 

g + E.. + L.L,t +K°^ -! {.» +'2*1.1* ) ■ '^=' 
Substituting this value for {G +jo'C) in {34) we obtain 

This is the fonnula for the complex attenuation constant of a 
lumped leak-loaded circuit at some definite frequency. 

In order to find the attenuation constant p the real part of y 
is taken as in the case of series loading. It may be seen by {yo) 
and verified by calculation that this formula is much more sensitive 
to changes in frequency than the corresponding formula for series 
^lump loading: (48), Chapter VIII, For a given frequency the 
* minimum value of (36) is 

'•''</(^+>"^i<^+ R,^ + ln^^ ) ■ ■ (37) 

this is attained when C = „ ^ ^ „ ^ , as may be seen by inspection 
of (36). 1 « 1 

In the case where wL is negligible by comparison with R, as 
in small-gauge underground circuits, this becomes 



■■-VK'^+ r.' + I'l.* ) • ■ ■ (38) 



and as this gives the real part of y it is equivalent to j8. 

If the frequency factor disappears, i.e. for steady currents, we 
have ^ 



.^r(g+^_) .... (39) 



which is of the same form as {38). 

It will be seen by comparing the formulae for leak and series 
loadingthat by comparison with the ideal attenuation constant 
p = yRG series loading theoretically increases R by the resistance 
of the loading coil, and leak loading increases G to G + = 



, , ■ "^Ri^+o^Li"' 

As a result Zj, mcreases with frequency in series loading and dJecreases 
with frequency in leak loading. In practice, as already noticed. G 
mcreases in any case with alternating currents (para. 149, Chapter 

In Chapter IV. the T and n equivalent circuits are used to 
show the equivalence of the series-loaded to the leak-loaded circuit. 

Although the leak-loaded circuit attenuation constant may be 
made equal to that for the series coil-loaded circuit for one frequency, 
yet the mean of a large number of frequencies which are much 
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higher and lowerthantheselected one, would have a highef attenua- 
tion constant for leak loading than for series loading, owing to the 
tuning effect of the former, and the rapid increase of attenuation 
with &equency above and below the critical frequency aimed at. 

As regards the spacing of coils, experiment shows the same 
general effects in botn leak and series loading, i.e. if the coils axe 
too widely spaced the articulation sufEeis due to this cause, and it 
is a matter for experiment to decide what pari:icular spacing gives 
results sufficiently good for commercial service. As shown by (17) 
the point has been cleared up as regards series loading, but a definite 
and reliable experimental ngure for leak loading is not known by 
the author. It is generally assumed that leak loading, owing to 
its greater wave length, would permit wider spacing ; but the dis- 
tortion due to thistype of loading is marked, and this might influence 
the practical spacing distance. 

Professor f. Perry, F.R.S., in a paper on " Telephone Circuits " 
read before the Physical Society on February 25th, 1910, adapted 
formula (36) to the mtroduction of condensers in series, by changing * 
R+j<«LtoR+jo>L + ^ =R-|-;n/L-^^\ The effect of the 

1-65 Ohms 1-65 Ohms 

33in.h. 33m.h. 



2^ miles 70 lbs Cable - 



JtHWL. 



33m h 33m.h. 

1 65 Ohms l'65 Ohms 



formula (36). Proposals have sdso been made to modify the effects 
of frequency by other means. See, for example, Bntish patent 
specification No. 65, 1911, panted to Friedrich August Becker. 

Some preliminary experiments on leak loading have been con- 
ducted bythe Post Office but the resultsobtained were not satisfactory, 
the distortion being very marked, and the mean attenuation to 
speech currents relatively high with the type of coil available for 
the experiments. It is probable that specially designed coils would 
give better results. Difficulties in testing for faults and in signalling 
would, however, be experienced in this type of loading, and it has 
not up to the present been practically adopted. 

Example 1. — A 70 lbs. undei^ound cable circuit loop, zi miles in 
length, having the constants shown in Table II., Chap. VlII., has an 
inductive load added to each end of the loop in series with the con- 
ductors. The effective values of the inductance and effective 
resistance of the loads are as shown in Fig. iii. 

Construct an equivalent circuit diagram of the loaded loop. 

Example 2. — Find the line angle and characteristic impedance 
of a unifomi unloaded circuit of the same length as the loaded one 
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(2J miles] and to which the loaded equivalent circuit in Fig. mis 
equal when the loads are taken into account. 

Example 3. — Compare the attenuation constants and character- 
istic impedances before and after loading. 

(Note, although a double wire diagram is given in the question 
to give a clearer idea of the actual working conditions, the problem 
can be solved more easily as a single-wire T as shown in the following 
working.) 

Example i.— From Table II., Chap. VIII., the hne angle of the 
unloaded circuit is 

e = (0-05 802 -|-yo o7046)2-5 =014505 -|->oi76i5 
and Zo = 2808 \ 39° 17' 

First construct the equivalent T diagram of this unloaded circuit 
(see Ex. 5, Chap. VI.). We have 

tanh - = tanh (00725 -l-yoo88i) 
_ " 00 72 4 -|-;'0'088 4 
i+jio-o724 X 00884 
0-11426 /so" 41' 

= , A , ■ = o'ii40 /47° I 

i'0020/3''4o' ^ L2i — 

sinh = sinh o'i4505 cos o-i76i5 +j cosh 0-14505 sin 0-17615 
= 01460 X 0-9845 +/10106 X 0-1754 ■ 

= 0-1437 +yo-i773 
= 0-2281 /50° 59' 

.-. Zq tanh I =3202 / 7° 44' 

and . ° . = 1231 \ Qo" 16' 

smh " ' 

The equivalent T of the enclosed cable loop is therefore 
32-02 /T'AA' 32 02/7''44' 



Next add the loads at each end — 
{See para. 72, Chap. IV.) 

32-02 /7° 44' =3173 +J4'3 
330 -l-yo-066 X 5000 = 330 +7 330 

Total = 3503 +y334'3 = 3357 /84° i' 
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Hence the equivalent T of the loaded loop is 

R,"335-7/84*l' Rg »335-7 /84°l ' 

R,«|l23I\9tf*l6' 

Fic. 113. 
Example 2. — If 9' is the line anf^e of this circuit, then 

Ri ^. .. 3357 /84°!' (from (3^. Chap. 

^=cosh9 — 1= . : ■ { III.,anathepre- 

^1 i23i\9o'' 16' I ceding figure. 

= 0-2727 /174° 17' 
hence ' cosh fl' = i + 0-2727 / 174° 17' 

= 0-7293 /a" 9' 

Hence from Dr. Kennelly's charts (see para. 31} we find that 
fl'=o-040 4-^0754, which is the required line an^e of a uniform 
nnloaded circuit to which the loaded equivalent circuit is equal : 

Zo'=sinh e' X 1231X90° 16' [See (i), Chap. IV.] 
= 0-686 / 87° 34' X 1231 \ 90° 16' 
= 846\2''42' 
Example 3. — ^' = ° . °? - = 0016 hyps per ml. 



/ real part of line angle \ 
^ ISigtE ) 



Attenuation constant before loading = 0058 hyps per ml. 

(See Table II., Chap. VIII.) 
„ „ after „ = o-oi6 hyps per ml. 

Ratio of attenuation constants =5-25° = -i-^^ 

0016 ■* 

These examples show the effect of loading a 70 lbs. cable circuit, 
taking into account the fact that the inductance is " liunped " in 
the middle of a length of 2J miles of cable. As the cable selected 
and the amount and distribution of the load correspond to what is 
frequently actual commercial practice, it is of interest to compare 
the results with those obtained by uniform distribution. So far as 
the attenuation constant is concerned, the result is exactly the same 
to the first three significant figures as if the same inductance as 
that taken in the example were uniformly distributed over the line. 
The attenuation constant is calculated from the usual formula 
((48), Chap. VTII.), which assumes uniform distribution. If, how- 
ever, a much wider spacing of the coils were taken this attenuation 
would be increased, and we therefore see that the spacing adopted 
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leads to satisfactory results so far as the frequency of 800 cycles 
per second is concemed. 

As regards the characteristic impedance, the co ncordanc e at 
this frequency is not so good, as this example gives 846 \ 2°^' ohms, 
whe reas ca lculation by the usual formula ((62}, Chap. VIII.) gives 
Q04\ 2° 55'. So far as the effect on speech on long Unes is concemed 
this difference has very little effect, but it should oe carefully borne 
in mind. 

Example 4. — ^A 70 lbs. cable pair having the constants given in 
Table 11., Chap. VIII., is loaded at 2J mile points by coifs having 
an inductance of 132 mh. The unloaded caDle has a length such 
that ^ = x, and by problem 2, Chap. VI., its length is known to 
be 17 '237 miles. It telephone speaking apparatus having an 
impedance of 425/ 43° omns is joined in series with the line 
at both ends, find the received current at a frequency such that 
2w/=5ooo. The loading coils have an effective resistance of 
60 ohms. 

By Table II., Chap. VIII.. we have 

R =2514 L =o'ooi G = 10-* C =o-o65 x lo-" 
Adding the effective resistance and inductance of the coils we obtain 
264 = 2778 ohms 

L = o'ooi + -^ = o'ooi + 52'8 = 52801 millihenrys 
R +;bL = 2778 -l-y 264 = 265-5 /83° 58' 
G +;"U; = 325 X io-« /89° 49' 

^o^V G+7^ = V 325 Xi o-«/8^°~49-~^°^^' ^^ - 
y = VCR+y^-LXG+yo^C) = V(265-5 /83°58') (325Xio-« /89'^49^ 
= 02937 /86° 53 ' 

Now li= ,n I ,11 ij. ^ ' by (23), Chap. III. 



/?ffMiii£=\ sinh * + 2Z.1 cosh 



e = (0-2937 /86° 53') 17-237 
= 5'o625 /86°53' = o"2752 +y3"035o 
Hence sinh fl = sinh (02752 +;5'053o) (See {78), Chap. I.) 

= sinh 0-2752 cos 5-0550 +j cosh 02752 sm 50550 
= 0-09364 —^09776 
= 0-9822X84° 32' 
and cosh 9 = cosh 0-2752 cos 50550 +;' sinh 02752 sin 50550 

, , (See (79), Chap. I.) 

= 0-3488 — j0'20 24 

=0-4365x36° 58' 
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Zo^ = {gos'SV^" 55')» = 816850 \ 5° 50' =812620 -y 83021 

Za2 = 0+; 180625 

.-. Zq' + 2a' = 812620 +y 97604 = 818460 / 6° 51 ' 

Zo' + Z»s 818460 /6° 51' ^,.^, 

and -"-.' — — 7 -905-6 / 9* 46 ' 

'• 903-8\2°55 

. i^^ E, ^^ 

9«5'6 /9'46 'xo022\84'32'+2X425/45°XO'4365\36'58' 

^ E, 

~ 889-4 \>4' 46' + 3710 /Tz; 

^ Ej 

~2337 -;858-2 +367-4 +;5i-85 



601-1 — ;8o6-3 

= ^' = -§1, /53" 18' amps. 

I006\53-I8' "X*'-^^ 

If El = 10 volts the received current is very nearly 10 milUamp^res 
at an angle of ^3° 18' and this should be compared with Example ^, 
Chap. VI., whidi shows the received current on the same circuit 
unloaded with the same apparatus connected to it. In this case 
the loaded line is electrically too short to attain to the hUl benefits 
of loading. The attenuation constant by Example 3 is 0016 and 
^=0'oi6 X I7'237 = oi96,whichshowsthat the line is electrically 
short (see para. 171). 
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CHAPTER X 

METHODS OF MEASUREMENTS OF A.C. IMPEDANCE AND 
CONSTANTS OF TRANSMISSION LINES, WITH EX- 
AMPLES OF TESTS 

206. Alternating Cnrrest HeasDrements — Introdustoiy Reigarks. — 

All alternating current measuremepts in telephony find their ratson 
d'itre in the supposition that the efiects ot the human voice as 
regards attenuation in lines and apparatus may be obtained by 
sine wave measurements at a known frequency or frequencies, and 
it appears from Chap. V. that this supposition is justified within 
certain limits. 

So far as the attenuation of voltage and current is concerned 
the frequency adopted in testing is generally 800 cycles per second, 
and the testmg current one mifliampftre ; but these may be varied 
to meet various circumstances. In order to find the probable 
effects of lines or apparatus in distorting the voice, a series of 
measurements over a range of frequencies is taken, and this generally 
comprises a range of measurements between Zir/ = 3000 and 7000; 
but these limits are by no means rigid ; for example, in testing loading 
coils a much higher frequencyis used in order to ensure that the coil 
is capable of transmitting the higher frequencies ot the voice. 

Although the standard cable can be employed to determine the 
effective overall attenuation in telephone circuits with sufficient 
accuracy if the circuit is long enough (see Chapter XL), this method 
cannot be employed to find the circuit constants, although these are 
absolutely necessary to permit of accurate telephone circuit design. 
By the circuit constants the effective values of resistance, leakance, 
capacity and inductance of telephone lines at some definite frequency 
are meant, and these can only be determined by alternating current 
measurements. Further obvious uses of such tests in telephony 
are the measurement of the efficiency of transformers and its varia- 
tion with frequency, the impedance of condensers, relays, etc. 
Machine measurements are also highly desirable in makmg ac- 
ceptance tests of loaded cables, etc., which are made by manufacturers 
to a given specification. 

207. Types ot A.C. Apparatus used In the Engineer-lo-Chlef's 
Laboratoryi G.P.O. — ^To meet the foregoing requirements a sine 
wave alternator and a device for measunng alternating currents are 
required. In the Engineer-in-Chief's laboratory at the Post Office 
these requirements are provided for in two ways. 

(a) By means of an alternator suitable for telephonic frequencies 
used m connection with a Wheatstone bridge. 

(b) By means of a " Franke " machine, which consists of an 
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A.C. potentiometer in combination with an A.C. generator suitable 
for tele^Iionic frequencies. 

As these are representative methods some details respecting 
them will be given. 

One of the alternators in use is a Duddell alternator suitable for 
telephonic frequencies. The details of this machine are, however, 
wellknown. The alternator was described by Mr. Duddell in a paper 
read before the Physical Society, and reproduced in the Electrician of 
April 20th, 1912, to which readers are referred. 

The alternator most generally used in the Post Office Research 
Section in connection with the A.C. Wheatstone bridge was designep 
by Mr. S. A. Pollock, of the Engineer-in-Chief's Dept.. G.P.O., and 
as it contains some specially useful features, an outlme of the salient 
points in its construction will first be given, 

208. The P.O. Sine Wave Alternator.— The alternator is driven 
by a direct-current motor, the ujual voltages of the battery, which 
is reserved for this purpose only, are 40 v., 60 v., 80 v., and ipo v., 
to give speeds furnishing frequencies up to 2000 periods per second. 
The only special features of the alternator which call for mention 
are {a) the rotor has 120 teeth, which peimits of a relatively high 
frequency without running the machine at an excessive speed ; 
(b) the wave form approximates to a sine wave ; (c) the speed cA 
revolution per minute of the alternator shaft is the same as the 
frequency of the alternating current in cycles per second. 

The installation comprises two highly useful features : — 

(i) An electrically controlled automatic speed counter. This is 
fully described in Mr. C. £. Hay's paper on A.C. measurements read 
before the Institution of P.O. Electrical Engineers in 1912, which 
should be consulted. It is included in the series of professional papers 
published by the Institute. 

(a) A speed controlling device which is very efiective and which 
will now be described. 

Reei Control of Speed. — The speed of the machine is made 
constant and kept constant by means of a reed control. A diagiana 
of the arrangement is shown m Fig. 114. By the combined actim 
of the reed governor, and a revolving metallic cylinder having an 
insulated segment, this cylinder being attached to the armature 
shaft, a resistance Rj of 14 ohms is automatically cut in and 
out of the circuit, for longer or shorter periods, until a steady , 
speed is attained. If this resistance is insufficient a further sUding 
resistance Rjis provided.|and by this means a preliminary regulation 
of speed may be made. ' Suppose that the machine is set to run a 
trifle faster than the required speed in the first instance. The reed 
vibrates at a hxed frequency which is constant for any fixed position 
of the shding weight W on the reed ; the latter can, however, be 
moved along the bar by hand until the required speed is obtained. 
The regulating commutator has the same speed as the armature 
and varies wini it, until the regulating device reduces it and the 
reed to synchronism. When this is attained the synchronism 
results in reg^ular and rhythmical sounds being heard in a telephone 
receiver, which is shunted across a resistance provided for that 
purpose. In the absence of synchronism of the reed and armature 
the sound in the telephone is confused and irr^;iilar. 
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The action of the revolving commutator in controlling the speed 
is more easily understood by supposing the regulating action to 




take place on a circular disc, as shown in Fig. 115, instead of on the 
surface of the rotating cyUnder (as is the fact), as shown in Fig. 114, 
Referring to the former figure, one contact only of the reed is shown 
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to simplify the explanation. The contact Cj and the armature M 
are led to separate brushes which terminate on the rotating metal 
disc D. This disc has an insulated portion £ marked ofi by a semi- 
circle, any portifm within the semidrde being insulated from the ■ 
rest trf the disc. The metal disc and insulated portion form, however, 
one unifonn surface. The brush from the atmature is fixed in such 
a position that it is not touched by the insulated portion of the disc 
as it rotates. The brush C, however, is by its position in metaUic 
contact with the iminsulated disc during half its revolution, and is 
insulated during the remaining part of the rotation. If, therefore, 
the reed is on the contact Cj, at the same instant as the contact C is 
on the metaUic portion of the disc as shown in Fig. 115, then there is 
ametallic circuit from the armature to the point P, and the 14 ohms' 
resistance is short-circuited. Suppose that this condition obtains. 



.^evolving Switch 




Pig. 115. — Speed Coventor of Poet Office Alternator. Amplified Diagnun. 

but that the machine is running slightly fast. In that case the 
armature is miming more quickly then the reed, and after a few 
revolutions the insulated portion of the disc comes under the contact 
C at the same time as the reed is on the contact Ci. In that case 
the 14 ohms' resistance will be in the armature circuit for some 
portion of each revolution of D, and a reduction in speed will result. 
The contact of the reed with Cj is regulated so as to continue for 
nearly half the time of a complete vibration of the reed, i.e. if the 
reed- makes contact with its lower stop 800 times per nunute, the 
duration of each contact is nearly j^g minute. If, therefore, the 
brush C is just entering the insulated segment £ at the same 
instant as the reed makes contact with C^ it will continue in contact 
nearly the whole of the time that C is m the insulated semicircle, 
if the rate of revolution of D is the same as the rate of vibration of 
the reed. In that case, when the reed leaves its contact, C leaves 
the insulated part of the disc and makes metallic contact with the 
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uninsulated portion. There is, however, no circuit at this moment 
via the reed as it is not on Ci; and this state of things continues until 
C again enteis £. The consequence is that the 14 ohms' resistance 
is nearly continuously in circuit. If , however, the contact C enters 
the uninsulated portion of the disc at the same moment as the reed 
comes to the contact Cj, then the 14 ohms' resistance is continually 
short-circuited. 

There are a large number of intermediate positions between the 
two extreme positions described, and in the intermediate positions 
the insulated part of the disc D is in contact with the brush C at the 
same instant as the reed is on Cj for some portion of the period of 
revolution of D, whilst for the remaining period, ABCCi and the 
reed are in metallic contact. These periods of insulation and 
short circuit may vary considerably in relative duration, and by 
this means a refinement of regulation is automatically achieved 
If a second brush be fixed on the disc 180 degrees from C and joined 
to the top contact of the reed, as in Fig. 114, the regulating action 
d^ribed is equally divided. The deflection on the ammeter 
indicates by its magnitude whether the insulated disc is wholly or 
partly in action. The resistance of the ammeter shunt is very small. 

In practice the device described is found to be very effective. 
An essential condition of its success is that the moving parts of the 
revolving armature shall not be too heavy for satisfactory regulation 
by the controlling device, and this condition is met in the arrangement 
in use at the Post Office. 

209. The AlternatinK Current Wheatstone Bridge. — One of the 
arrangements used in the Post Office Engineering Research Section 
for measuring the impedance of telephone transmission circuits is 
shown by Fig. 116. (See Mr. C. E. Hay's paper on " Alternating 
Current Measurements," already referred to.l P is a fixed non- 
reactive resistance, and r and fi are adjustable non-reactive resist- 
ances. These resistances are 01 the Hay-Sulhvan type and are of 
a high order of accuracy. C and Ci are mica condensers of 1*099 
mf. capacity, adjustable by steps of O"ooi mf. A non-reacuve 
shde resistance and an air condenser in parallel with either C or Cx 
are sometimes necessary to obtain balance, particularly when the 
angle of the vector impedance is very small or very large. 

An earthed electrostatic screen is used between the primary 
and secondary windings of the transformer. 

Eliminaiion of Harmonics. — If harmonics are unduly prominent 
the device shown at the foot of the diagram (Fig. no) is used in 
place of the receiver shown connected to the bridge. The mutual 
mductance M^ and the capacity Cg are Etdiusted to eliminate the 
third harmomc and Mj and Ca me fifth. This arrangement usually 
meets the case. The mutual inductance M and capacity C are 
suchthatMC<u!^i. 

210. Development of Formnls for Bridge Balanee. — ^As in the 
case of the direct current Wheatstone brit^e, balance is obtained 
when the potential fall in the arms P and A results in the potentials 
at the terminals of the galvanometer or receiver being equal. In the 
A.C. case, however, a source of alternating e.m.f. replaces the battery, 
and a telephone receiver the galvanometer, and the resistances in 
the direct current case become vector impedances. Bearing these 
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M M ^'""^ '° replace receiver 

d _r*— -J^^ /in Fig ure when nece ssary. 



points in mind we may write by analogy with the direct cnrrent cai 
g_ - ?^ and therefore ZV = p5^ . (l) 

The modulus 2=^. . (2) 

The angle ^=\S-\7I (3) 
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If ^j is greater than ^j then ^ is negative ; if ^a is less than i,, 
i is positive; the fonner condition is assumed in Fig. 116. We. 
nave also 



-V'^ 






Inserting these values in (2) we obtain 




cV 



"'CiVi' + i (.) 

u>sC*f2+j[ ■ - ■ • w' 

The angle ^1 may be written tan-i-j^- (6) 

Similarly the angle ^2 may be written tan-'-^ ... (7) 

Wheuce ♦ = \ta„-.^^-\t„-.-^^by (3) .... (8) 

21t. Details of an Impedanee HBasunmeot. — If the vector impe- 
dance of a uniform transmission line as measured from the sendmg 
end, (a) when the distant end of the circuit is open, and (6) when it 
is closed, are known, the attenuation constant, wave-lengtn constant, 
and the resistance, leakance, inductance and capacity of the circuit, 
can be calculated from the measured impedances. An example 
of this is fully worked out after the details of the Franke machine. 
What is here required, then, is the measurement of two unpedances, 
and this can be done by the Wheatstone bridge with the aid of the 
fonnulse already developed. 

The following are the detjuls of the actual measurement of a 
sending end impedance of a continuously loaded cable with the 
distant end closed. 

When balance in the bridge was obtained the various arms had 
the following ^^ues, the frequency being such that 271/ = 10,000 : — 
P = 100 ohms 

r = 370 „ f 1 = looo ohms 

C=0'55mfd. Ci=o-o2omfd. 

By (5) we have 



^~^^^5^^V (lo* X 055 X io-« X 370)' + 1 
_ loo X 0-55 ^ / (02)' +^ 

0-02 ^V (2-035)2 + 1 

= 2750^^—1- = 2750 X 0-45 - 
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Ln^es are by (6) and (7) from the preceding 

4i =tan-i -^— =tan~i 04Q1 = 26° o' 6" 
2035 

^ = tan-i -^ = tan-^ 5 'O = 78° 41 ' 24" 

From (8) ^ = 78° 4l' — 26° 9' = 52° 32' 18". 
As ^ IS greater tnao ^1 the angle is negative. The measured 
impedance is therefore 

ZoW = I238\72°"i2"' 
Similarly the impedance with the distant end open cotild be 



in thfe case the an^es have been found from suitable tables 
from the known tangents, deduced from the measurements. If, 
however, great accuracy is required, particularly if the angles are 
very large, the greatest accuracy is obtained by finding the an^e 
by trigonometrical formulse. For example, the angle m the pre- 
ceding case might have been found from the known tiigonometrical 
relation 

tan-' 
In the preceding example this becomes 



*=V--';s;7rV'"-'«^r-\'--f^ 



=\52'' 32' 16" 

This only differs from the value previously found by 2" and 
does not materially affect the result. In fact, the bridge readings 
would be liable to a greater variation. 

Other more complex angular combinations may be resolved in 
a similar way. 

The special advantage of the Wkeatstone bridge is that it is capable 
of measuring impedances with great precision in the hands of 
skUled expenraentalists, especially if a sine-wave alternator with 
an efficient speed governor is available, as in this case. 

A number of other developments of fonnulfe in connection with 
impedance measurements by means of the apparatus described 
will be found in the paper by Mr. Hay already referred to. 

212, Tbe Drysdale D.C. — A.C. Potentiometer. — ^This potentiometer 
was invented by Dr. C. V. Drysdale for the purpose of measuring 
alternating potential diSerences on the potentiometer method, i.e. 
by balancing any sine wave voltage to be measured against another 
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voltage derived from the same source, and supplied by the potentio- 
meter, which is arranged to modify the measuring voltage to give 
any required modulus and an^e. 

The apparatus as made and supplied by Mr. H. Tinsley is adapted 
for measuring either direct or aftemating current potential diSer- 
ences. The A.C. apparatus is well adapted for measuring the range 
of voltage covered by telephonic transmission, say a fraction of a 
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volt to 10 volts. The principle of its operation may be readily 
understood by recalling the principle of theD.C. potentiometer. Fig. 
117 is a simplified diagram iUustratingthe A.C, case, but if the phase- 
shifting device is replaced by a battery as shown by the dotted lines, 
and the vibration galvanometer is substituted by a D.C. galvanometer, 
we have the direct current apparatus. If, then, a current I passes 
through the known resistance R and the voltage at its tenninals is 
EI = V, this voltage, which is to be measured, will cause a current 



itizecy Google 



232 TELEPHONIC TRANSMISSION 

to Sow through G and the slide wire. If a current from the battery 
replacing the phase shifter be sent round the galvanometer in the 
opposite direction, and if the slide wire be regulated until no current 
passes through G. then the voltage at the terminals of AB is equal 
to that at the terminals of R, and this may be found from the poten- 
tiometer readings. Usually the current in the slide wire is regulated 
by the rheostat to have a value convenient for the ready reading of 
the volts from the indications of the sUde wire. The dynamometer 
permits of the current in circuit being readily known. In the A.C. 
case the voltage across R is a vector quantity. The function of 
the slide wire is then to regulate the amount or modidus of the 
opposing voltage, whilst the phase-shifting device permits of any 
phase b^g associated with the modulus. 

The Vibration Galvanometer is constructed so as to give vibrations 
of a maximum amphtude on the resonance principle, when a currmt 
of some definite frec|uency is passed through it. Such a galvano- 
meter gives a sensitive condition for balance, because it is arranged 
to give a maximum deflection at the required frequency, and it also 
inmcates (when the maximum deflection is observed) that the correct 
frequency is attained. For the range of frequencies required in 
telephony a Duddell vibration galvanometer is a convenient in- 
strument. By varying the length of the vibrating wire carrying 
the current, which is suspended in a strong magnetic field, it may be 
toned to frequencies between loo and 1800 cycles per second. (See 
" On a Bifllar Vibration Galvanometer," W. Duddell, Proc. Physical 
Society, February, 1910.) A telephone receiver may be used for 
balancing purposes in place of the galvanometer if the frequency 
of the test is suitable. 

The Phase-shifting Device consists of a phase-shifting trans- 
former with two pimiaiy windings. Four coils ate wound and 
placed 90 degrees apart round a circle, and the diametrically opposite 
coils are connected to make two pairs. If these two pairs are con- 
nected to a two-phase source of supply differing 90 degrees in phase, 
a rotating magnetic field is produced at the centre of the circle. If 
the secondary of the transformer is wound with wires in one plane 
and placed m position at the centre of the circle for maxmium 
cutting of lines due to one pair of primary coils, the effect due to the 
other pair will be nil. If now the coil is rotated 90 degrees, the coils 
which produced a minimum effect will now produce a maximum 
effect and vice versa, but the phase will be 90 degrees different. If 
the secondary coU be placed in an intermediate position between 
the two extremes named, the phase will be modified in proportion 
to the degree of rotation. This illustrates the principle of the 
phase-shiftmg transformer. By this means an alternating current 
from the same source as the A.C. voltage to be measured may be 
changed in phase as may be required. In practice it is frequently 
necessary to work from a single phase supply, and the device Known 
as "phase splitting" is then resorted to. An idea of the principle 
underlying this apparatus may be obtained by remembermg that 
if an alternating current is passed through a resistance and capacity 
in parallel, the current passing through the resistance will be in 

fihase with the voltage, but the portion of the current passing 
brough the condenser will lead by 90 degrees. If the reactance 
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of the condenser is equal to the resistance which is in phase with 
the vohage, two currents of equal magnitude but differing by Qo 
dOTees are obtained. This ideal arrangement does not hold as the 
cons of the transformer are in circuit, and a circular revolving field 
would not be given because the transformer has both resistance 
and inductance, which alter the phase relations. In practice 
the electrical values are suitably adjusted by the manu&cturer, 
and can be regulated according to the frequency of the supply. 

The phase-shifting transformer arranged for connection to a 
sinrie phase source of supply is shown theoretically by Fig. 117. 

Fie. 118 shows a more detailed theoretical diagram, whifet the 
actual arrangement of the potentiometer is shown by Fig. iig. 
These two latter diagrams are given by Dr. Diysdale in an article 




on " The Use of the Alternate-Current Potentiometer for Measure- 
ments on Telegraph and Telephone Circuits," in the EUdrician of 
August ist, 1913. 

It will be seen that by means of the potentiometer an alternating 
current is supplied via the secondary of the phase-shifting transformer, 
whidi can be varied in magnitude and phase, and made to balance 
the voltage to be measured. The angle is read by the indication of 
the phase-shifter dials and the magnitude by that of the potentio- 
meter calibration. 

The voltage and current can both be detennined, as the resistance 
R is known. We then have *- = Z, which gives the impedance. If 

the vector impedances of a uniform transmission circuit are measured 
from the sending end of the l^e (a) with the distant end of the 
circuit open, and (b) with the distant end clc»ed, the attenuation 
constant and the other circuit constants can, as already mentioned. 
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be deduced by the methods shown in this chapter after the descrip- 
tion of the Franks machine. 

21s, The Frftnke Haehine.— This machine was invented by 
Dr. A. Franke, of Berlin, and a detailed desciiption was given in 
the Elektrotechnische Zeitschri/t in 1891 (page 448). 

Since that time the construction of the machine has been 
materially improved, the principal change being that the most 
modem form runs on a vertical instead of a horizontal axis. 

Description of the Machine. — The machine is designed to supply 
alternating current varying from a fraction of a milliampire to 
possibly 10 milliampferes, which fairly covers the range of .voice 
currents at the sending end of telephonic circuits at present. The 
range of frequency generally used is from z-nf = 3000 to z-nf — 7000, 
but the machine can be run up to a frequency of about 2000 cycles 
per second. It is designed to measure the amplitude and p^iase 
of the voltage and current at the terminals of the impedance under 
test on the potentiometer principle, and is particularly suited for 
obtaining commercial results with ease and comparative rapidity, 
but its accuracy of angle measurement is limited, largely owing 
to speed variation. 

The alternating current is generated by the motion of a motor- 
driven magnetic field, rotating round two non-revolving circular 
armatures. The revolving field induces currents of approximately 
sine wave form in the armatures, and thus provides an A.C. supply. 
The speed of the motor can be varied by voltage variation and by 
means of resistances in its curcuit. Owmg to the weight of the 
rotor automatic control of the speed has not yet been attained. 
One end of the revolving device which produces the alternating 
currents is shown in Fig. 120. Here we have two wrought-iron 
concaitric discs with 40 rounded teeth arranged as shown, the 
summits of the teeth being opposite to each other. One of the 
cylindrical armatures referred to lies in the circular space between 
the two sets of teeth as shown. The two circular discs enclosing 
it are carried on the same vertical spindle and revolve around it. 
The circular discs form one end of a wrought-irou cylindrical box 
which carries a magnetizing coil, and at the other end of the 
cylinders the arrangement of discs with their teeth and armature 
is repeated. The two armatiu-es are. however, quite independent 
of each other. A sectional sketch showing the internal arrangement 
is given in Fig. 121. The rotating cylinders, which are fitted to the 
spmdle by brass rinffi, are indicated by the letters C, C,, the circular 
mscs by F, F^, Fo, F3, and the non-rotating armatures by TA and 
BA. Other details are given at the foot of the figure. 

Current is led to the magnetizing coil D from the slip rings, and 
a steady magnetic field passes across the teeth of the circular discs 
shown in Fig. 120. These as stated are 40 in number on each disc, 
and when the machine rotates a variable field is superimposed on 
the steady one. It is, of course, the variable field which produces the 
alternating current, the frequency being 40«, where n is the number 
of revolutions of the discs per second. Each of the armatures 
consists of an ebonite base with 80 slots cut horizontally and verti- 
cally : the foim of the winding is shown by Fig. 130. The shape of 
the teeth is so designed that when the pole pieces revolve the lines 
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of force projected through the armature windings vary in such a. 
way as to set up an electromotive force of approximately sine wave 
foim in the annatures. The voltages induced in the horizontal 
part of the windings cancel each other. The slip rings G, Fig. 121, 
mdnde provisifm for a current supply for the motor, and a com- 
mutator IS fixed upon the rings to provide for a supply of the armature 



Winding 




minnnD 

Method of Winding 



Fio. wo. — Fr&nke Ifachine. Revtdving Pole Pieces. 

current to a frequency-measuring device, consisting of reeds which 
vibrate at their own natural frequency. When the ampHtude of 
their motion is sufficient they indicate the rate of vibration, 
which is marked upon an indicator conveniently placed for the 
purpose. The machine was made by Messrs. Siemens and Halske. 

Movement 0/ the Armatures.— In order that the voltages in the 
two annatures may be balanced against each other, the upper 
armature is made to move vertically by means of a regulating screw 
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not shown in the fi^re. By this means the armature may be 
raised from the exciting field 
above the teeth. The amount 
of elevation is indicated by a 
graduated scale on the outer 
cylinder surrounding the arma- 
ture. 

To pennit of the armatures 
being brought into electrical 

Ehase with each other the 
ottom armature is so con- 
structed that it can be rotated 
in a horizontal sense. The 
number of degrees rotated 
through is in<Ecated by a 
graduated scale fixed above the 
wheel which produces the hori- 
zontalmotion. Thirty-six turns 
of the phase-shifting wheel are 
required to produce a revolution 
of the lower annature through 
360 electrical degrees. 

ai4. Methods of nslng the 
Franks Machine. — Impedance 
Test. — Fig, 122 shows a com- 
mon arrangement of theFranke 
machine for this test. The 
lower armature is permanently 
coimected as shown. By means 
of a switch fixed on the machine 
the telephone and upper arma- 
ture are first joined to the 
position marked i and 2 as in- 
dicated by the solid lines in the 
diagram ; the upper armature 
and telephone can, however, be 
moved to the position marked 
2 and 3 by means of the switch, fig. 
and the connections in this case 
are shown by dotted lines. The 
theoretical arrangement for 
position 1-2 is shown by Fig. 
123A, and that for position 2-3 
by Fig. 123B. In order to test 
in position 1-2, suppose that 
the upper armature, to begin 
with, IS in its lowest position, 
where it gives the maximum 
voltage. As the armature is 
moved upward by means of its 
regulating screw the voltage 
becomes gradually reduced owing to the fact that the armature is 
withdrawn from the influence of the magnetizing coil. Every 




■Fiuoke Machine. Section^ 



T.A. a Top armature. 

B.A. " Bottom aniMtare. 

C = Oater wtought-iron cylioder. 

Ci =• Inner wrought-iron cylinder. 

D = Hagnetiziiig coil. 

E = Spindle. 

F, F|, Fi, F, = Iron pole pieces. 

G = Slip lings for nuKnetidng cur- 
rent supjriy and commntator 
in connection with tteqnency- 
measuring device. 

H =. Motor. 
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position of the armature as indicated by its graduated scale is 
associated vdth a definite voltage relation to the full voltage, the 
exact relation is determined by calibration and recorded on a 
permanent curve. The phase-controlling device on the bottom 
armature should indicate zero at this stage. This does not mean 
that there is no electrical phase difEerence between the top and 
bottom armatures, but that the phase of the bottom armature is 
taken as the point of origin for comparative purposes. 

Details of Tests. 

Let the e.in.f. at the terminals of the upper armature and 
impedance Z in position 2-3 be E. 
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Fig. 113. — Franke Machine. Counectioiu for Impediuice Test. 
Let the current in the standard resistance and in Z (pos. 1-2) be L 
Then ^ ~ T 

Method I. — Position 1-2 of the Switch. To obtain an E»ftression 
for the Current. — Let the apparatus impedance to be tested be Z. 

First raise the upper armature until the fundamental note in 
the receiver is reduced as much as possible. The lower armature is 
next rotated until the sound in the receiver is further reduced as 
far as practicable. If the machine fundamental is not reduced to 
silence the upper armature must again be regulated, and afterwards 
the lower one, and so on until silence is obtained. It is probable 
that some harmonics, paiticularly the third, will be heard, even 
when the fundamental is silenced, out in practice it is possible largely 
to neglect them in regulating the machine, so as to obtain a correct 
balance for the funiimental. If necessary a filter may be uspd 
to eliminate the harmonics, as shown in Fig. 122. The upper 
and lower armatures tend to send currents in opposite directions 
tlu-ough the receiver, but if silence in the receiver is obtained, the 
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volt^e in the upper armature is equal in magnitude and phase to the 
voltage across the standard resistance (see Fig. 123A), Next note the 
position of the upper armature and find the corresponding voltage 
El from the caJibration curve, and note the angle through which the 
lower armature has been turned. These two components give the 
voltage across the standard resistance, say Ei/^i-|-a.f=Eie>'*i+"')- 



Upper Armature.-Variabte volts 




Variable Resis:^ 
to regulate current 
Fig. lajA^-Fianke MocliiiiQ. Impedance Test. Position 1 and z. 



Upper Armature-Variable volts. 




Variable Resis:/*^^ 
to regulate current. 
Fig. 133B.— Franke Uachine. Impedance Test. Position 2 and 3. 

If I is the current flowing through the standard resistance R then 



IR = Ei(^/'(*' + "'' 



whence 



.^^■(♦.- 



■-i) 



(10) 



Position 2-3 0/ the Switch. To determine the Voltage. — Balance 
the volts and phase as before. The voltage across the impedance 
is the same as that at the terminals of the upper armature, as shown 
by Fig. 123B. Find the magnitude of the volts E2 from the position 
of the upper armature and cahbration curve, combined with the 
phase rotMion <^^+uitof the lower armature. The voltage is then 

E = Ea«>(»»+'^) (II) 
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Dividing (ii) by (lo) we obtain 



(12) 



This method requires four readings and a calibtation of the 
machine. 

Metitod II.— Phase and Resistance only changed in one of the 
r«to.— This is shown by Fig. 124. Here Ej is kept constant and R 



Upper Armature.Variable volrage 



Lown'Arnuture.Vanable Phase 

r-®-i 




varied. In order that the current in Z may not vary it is necessary 
to make use of a regulating resistance, as shown in the figure. These 
resistances need not be alike, but the sum of the two must be 
constant. 

The Tea. — Place the switch in position 3-4 and proceed as before. 
The voltage is then 

E=E8^*i+'^ (13) 

and this is the voltage across the impedance. 

Position 1-2 of the Switch. — The upper armature and receiver 
are now on i and 2 (Fig. 124), Leave the upper armature unaltered. 
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but vary the sliding resistance and phase until a balance is obtained 
The resistance in series with the upper armature has the same 
voltage at its terminals as was obtained in position 3-4, and the 
current in R is the same as the cuirent in Z. We then have 

whence I=^«X#.+ -/) (14) 

Dividing {13) by (14) we have 

T E^^*i + "^ 

It may be necessary in some cases to have a much larger resist- 
ance than the iqo ohms shown in Fig. 124. 

In this case we have only three readmgs and no caHbration of 
the upper annature is necessary. 

Use of Balattcim Resistance.— A further refinement in balancing 
is sometimes made by providing an extra balancing resistance which 
is thrown into circuit on one side or the other of the shding resistance, 
when an approximate balance has been obtained. If this resistance 
is variable and is switched rapidly to one side of the sliding resistance 
and then to the other side, the rapid comparison permits of observing 
on which side the greater noise is observed, and it is then known that 
this side is more out of balance than the other. When the noise is 
equal on both sides balance is obtained. 

21s, Det^ls ol Aetnal Tut in accordance with Figs. 122 and 123. 
Tsit of an Aerial Donbl* Wire Telephone Clreult eoulBtlng ot Con- 
duetors weighing 800 IbB. per HUe.— Length 295 miles. Standard 
resistance used 1000 ohms. Frequency 2rf — 5000. 

When the connections were arranged as in Fig. 123, position 2-3 
of switch, with the distant end open, the readmg obtained from 
the machine both as regards modMus and phase is shown in the 
following table in col. i, and the corresponding reading on the 
calibration curve is given in col. 3. With the switch in position 
1-2, and with the distant end still open, the reading on the machine 
is given in col. 2 and the corresponding cahbration figures in col. 4. 
The impedance with the distant end open is then by (12) 



= ^ReA9t-1' 



= '^X lOOOfr^?^" *5' - ^57° 43') = ^xz^-Jn' ««>' = 512X79" 2o' 

455 

In order to find the impedance measured at the sen^ng end 
with the distant end closed, the same series of readings is taken 
as those taken for the test with the ends open ; the results of the 
dosed circuit impedance test are given in the bottom line of the 
table. The impedance in this case is then calculated from (12) as 
before. 
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TABLE i. 
Franks Machixk Rbadikgs. 





Rc*dlii(<. 


RatlcH. 


lmpedar«. 




■ 


Volit. 


CninDt. 


Votw. 


Ciw«at. 


TermiMl 




M 


Aogk. 


M Angle. 


.[.* 


M 


Angle. 




5000 


730 


78* 25' 
203" 27 


io8-9,i57*45' 
io8-8i4i»3o' 


■133! 78" 23; 
■370 203* 27 


455 

■454 


157*45' 
141'- 30 


3u\79°2o' 

815/61' 3/ 


&. 



In some cases a small calibration correction of the angle reading 
is necessary, but the correction never affects the reading to a greater 
extent than a few minutes of arc. 

The following table gives the results of a series of similar tests 
on the same circuit at different frequencies, including the circuit 
constants calculated from the open and closed impedances : — 

TABLE 11. 

SoMMARv OF Rbsclts of Tbsts of 300 lbs. Aerial Coppbr Wirb. 

Length of circuit under test ^ a9'5 noiles- AtnMMpheric conditions — Damp. 
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4^*^ c%£p. 
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1064X83' 56' 430/55" 41 


&77\i4'7' [6-66 


378 
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■0096 


■00349 


4000 


724X82" 7' 394/60*10 


655\io°59'|6-75 


3-82 


127 


■0098 


■00,69 


5000 


5i2\79'2o', 815/61" 37 


546\ 8" 52' 673 


3-81 


1-45 


■0097 


■00574 


6000 

7000 


358\74°5i'»i58/39'33' 
240\66»8' 1732/53° 5' 


644\ 7* 39' 6"87 
645\ 6' 32' 6'84 


3-8. 


■ ■38 
1-49 


■0097 
■0094 


■0038a 
■00583 



To illustrate the method of calculating the constants the following 
details are given of the calculations for 01=5000 from Table II. The 
same method of calculation of the constants is used in connection 
with the A.C. bridge readings, or any others which give the open 
and closed sending and impedance. 

By(5),Chap. III..Z=ZoCoth# = Zo(?^±^) = 5i2\79=2o'. 
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By (6), Chap. III., Z, _ Z, tanh « = Za(^{=^) = 815 /6I-37' . 

By (7), Chap. III., Z„ = -/ZZl" \/5I2 \79° 20' X S15 /6r'37 ' 

-646 Wl? 
By (5) and (6) we have 

/Z,_ AiShiT ... , ,. e'-t'' /8i5/6i'37' 

= 1-262 ; 70° 28' 

By (18), Chap. I., this may be written 

h=A[4^=a+jb =0-4216 +>i-i88 

Proof.- ^x^-^=tanhO=^^'^ 

■ fB9 — ^+tanh tf _i +j 

I —tanh fl I —A , , 

for l+tanhe _ ea'^i; _ g8a^i ■|.aaa„i ^^gg 

I— tanhfl ^ _ e"" — I eSfl + i—e^ + i 
«"* + 1 
We therefore have 

,aa^L+*- i+(«+>6) _ (i+a)+yfc _ i-42i6+yi-i88 
I ~A I - (a +y6) (I -a) -jb 0-5784 -/itSS 



i'853/39°53' 



= 1-403 / 103° 56' 



1-320 \64° 3' 

From this value of e'" = l±^ = ^+^"^1"' the value of 9 = y/ is 
I— A I— tanh 9 '^ 

found as follows ; — 

fl = y/ = i log, |±A = J log, |±^« =. J log, 1-403 /103156' 

The attenuation length pi is half the log, of the modulus, or 
} log, 1-403 =2-^—, and since in this case ^=29 5 miles, j8= 21338^. 

^cfnne.'jA. 



itizecy Google 



f4 TELEPHONIC TRANSMISSION 

The wave length constant a is obtained thus [see (27). Chap. I.J 

2<i/ = 103° 56' = i'8i40 radians .". 0=—— ^- = 0'O3O7 
To deduce the Circuit Constants 



case this becomes y x Zq = (R +j<aL). We therefore have 

1-846/79' 25' . , 

R +juL=Y X Zo = — ^ ' X 646X8° 52' = 20-2 / 70° 33' 

= 6726 +> 19-05 
Hence R = 6*726 ohms per mile loop 

and • L = 3-81 millihenrys per mile loop. 

Similarly by (8), Chap. II., ^ = G. and in the A.C. case ^ 



Whence f =G+y«C= 1^^-^== = 00000484/88'' 17' 

^0 2 X 29-5 X 646X8° 52' 

= (r45+;48-4)io-« 
Hence G = 1-45 micro-mhos per mile loop 

and C =0-0097 nifds. 

Conclusions /rom the Tests on 300 lbs. Aerial Circuit. — It will be 
seen from Table II. that the variation of the electrical constants with 
frequency between the limits taken is relativeljt small, and this 
remark also applies to the variation of the attenuation constant. 
These values should be compared with the calculated ones for the 
same circuit in Table II., Chap. VIII., when it will be seen that there 
is some (hflerence between the calculated and observed results. 
The difference is very largely accoimted for by the fact that the 
300 lbs. circuit contains relatively short lengths of lesser gauge and 
some small lengths of underground cable. The leakance is also 
above the normal on account of the damp weather. As regards the 
inductance and capacity, however, it is probable that the large 
number of wires on the same poles affect the result to some extent. 
The capacity was tested in addition by a discharge method and found 
to agree with the result given in the preceding table. 

216. Additional Tests on a SOO Ids. Aerial Line. — The following 
tests relate to tests of 340 miles of 300 lbs. circuit containing no 
underground sections but having a length of 2 miles of 150 copper 
conductors in it. Three series of tests were made by means of an 
A.C. machine on the following circuits : — 

(a) A twisted loop. 
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(b) A phantom circuit {two pairs of wires revolved around each 
other). 

(c) A single wire circuit. 



TABLE III. 
Details of Tests. 



Clteutt. 


«/ 


ConiUnts per niUe dedOMd bam the meuured 


DlnctcunntteUi. 


Z, 


ohnii. 


I. 

mb. 


.£. 


c 


D 


R 


Inralitlan. 


a 
b 


5000 


639\9' 38' 
286 \i 1-4' 
579\2*3o' 


6i5 
3- 1 12 
315 


3-468 
'■531 
357 


oaog 
404 


000902 

0-0203 
o-oioS 


000496 
000555 
00039 


611 
3033 


103 megohms. 



In this case the attenuation of the loop circuit was near the 
calculated value in Table II., Chap. VIII., and this remark also appUes 
to L and C and also Zo- The value of G also agreed with the value 
measured by direct current. 

The attenuation constant of the phantom circuit was 12 per cent, 
higher than that of the side circuit ; the capacity was more than 
double that of the side circuit and the inductance less tlmn half, 
which accounts for the increase in j9. 

In the case of the earth circuit, the relatively high inductance 
and large leakance are surprising, but four sets of tests were taken 
on four different wires, all of which gave very similar results. The 
earth circuit attenuation constant is 21 per cent, less than that of 
the loop circuit. There were a large number of other wires on the 
poles. 

The circuits dealt with were four twisted wires spaced 12 ins. 
apart horizontally and vertically on the poles, and making a coqiplete 
revolution every four poles. 



63 miles of 300 lbs. double wire circuit iiin straight 1 
the same way as the twisted wires. The results were very similar 
to those obtained with the twisted wires. The difference in fi at 
«u = 5000, being 2 per cent, in favour of the straight wires. The 
overhearing ansing from the twisted and revolved groups was 
similar, but there were only four wires on the poles in tBe case of 
the wires which were run straight. 

217. AlteToatlre Hethods ol Calenlttlon and Hessnrtment. — 
(a) To find the real part of the AtteniuUion Constant. — ^The preceding 
examples in connection with the Franke machine take into account 
the aj^le of the complex attenuation constant, and in cases where 
the circuit constants are required, this procedure is of course neces- 
sary. If, however, the real part of the attenuation constant only 
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is required, the calculations may be somewhat simpU&ed as 
follows : — 

From fonnula (15) eW :=^-i-r, where A = i/^ and is a vector. 

If the vector h be expressed in the form A [^ then we may write 



^u _ I + A cos ^ +jA sin ^ 
I — (A cos il +}'A sin ^) 

7ot the attenuation constant fi only the modulus is required, and 
we may therefore write 



ii+Acos^)'+A'sin' j 
A cos ^)* + AS sin* ^ 
/ i +2A cos ^ + A' cos' ^ + A' sing^ 
V I— 2Acos^+A»cos« ^l + A^sin* ^ 
j- aA cos ^ 4- A'(cosg ^ + sin' ^) 
' I — 2A cos ^ + AS(co32 ^ + sin' /) 
and since sin* ^ + cos' ^ = i , this becomes 



V^ 



v^ 



=^/r? 



2 A cos ^+A3 



-T-'+ 2 cos ^ 4 



4^ yi_2cos^ + A/ 



(6) Measuring Ike Electrical Constants of very short Transmission 
Lines. — If a transmission line is electrically very short, say o-i mile 
of cable on a cable dnun, the sending end impedance may be simpli- 
fied as follows: With the distant end closed the sending end im- 
pedance is in the general case Z, = Zq tanh fl. If, however, the angle 
5 is very small the value of 6 is practically the same as that of tanh S. 
This may be voified by inspection of a suitable table of hyperbolic 
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functions. In sncli a case Z. = Zq tanh 9 by (6), Chap. III., may be 
written Z] = Zo#. But by (i) and (2), Chap. VI., since y/ = « 

If, therefore, the line is sufficiently short [say under pl=o-i), 
then the impedance measured with tne distant end closed is the 
impedance of the conductor only. 

If the distant end be open we have by {5), Chap. III. 

" tanh 6 

and if the Une is very short, then by the foregoing reasoning j* 

is practically the same as -^. But 

tf - V G +yu; "^ V(Rx;«.L)(G+yc^) ^ ? - (g +j<.qi t^?) 

From {16) and (17) the constants R, L, G, and C may be calculated 
and the attenuation constant deduced thus. Dividing (16) by (17} 
we obtain 

The square root of this quantity is / multiplied by the complex 
attenuation constant. 

The reeeived eoirent at the end of any uniform line without 

apparatus is by {10), Chap. III., 2~anhtf' ^** ^°^ ^'"^^ ^^ ^^ 

becomes sA, since 6 

therefore from {16) 



becomes sA, since 8 does not then differ appreciably from sinh e ; 



= IR+J<.-L)l 



(18) 



(c) Fall 0/ PoUniial Method for Measuring the Attenuation 
Constant in Lone Lines. — If the circuit is electrically very long there 
is no difference between the impedance measured from the sending 
end of the cable, whether the distant end is open or closed. In such 
a case the attenuation constant may be measured as follows. We 
know that in a long line 

{^ = e-3' 

If . therefore, lo and Ii, the currents at the end and beginning of the 
line respectivSy, are measured by the Franke machine, and / is 
known, ^ may be deduced. This method assumes that a return 
loop is avaOable. The sent current must, of course, be kept constant 
during the measurement, 

21s. Tests on sn Unloaded Double-Wire Submarine Cable. — 
These tests show in a marked way the effect of capacity in producing 
both attenuation and distortion. The tests were taken by the 
Research Section, Ei^neer-in-Chief's Department, G.P.O., on a 
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length ot 4*826 nauts of doable wire cabl£ immersed in water in a 
tank. £]q>erience shows that such measorements give practically 
the same results as cable submerged in the sea for double wire 
circntts. 

Direct Current Measurements Wire to Wire. 
Resstance, 22*8 ohms per naut. 
QspacAy. 0182 mf. per naut. 

Insulation Resistance, 1100 megohms per naut. Cores 1 and 3. 
„ „ 540 megohms per naut. Cores 2 and 4. 

TABLE IV. 

Altkknatimc Cuuuni Ubasujiemsiits. 

Mean of measurements on-corn 1-3 and 3-4. 
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The only one of the constants R, L, G, and C which varied 
appreciably with frequency was G, and this varied considerably; a 
graph showing the variation is given in Fig. 125. For purposes of 
calculation it is usually accepted that the leakance vanes directly 
as the frequency, but this curve shows some deviation from the 
str^ht line law (see para. 149, Chap. VIII.). 

The resistance as measured by alternating current is very near 
the value obtained by a direct current measurement ; the' capacity, 
however, is less in the A.C. case. It is not, however, the authors 
general experience that any such marked difference is observed 
between direct current capacity measurements andtests at o) = 3ooo. 
The single wire tests in Table V, illustrate this point, the difference 
is much less in that case. The attenuation constant of 0*0774 P^^ 
naut or O'o6^i per mile for a conductor having a resistance of ig'6 
ohms per mile loop is veiy high owing to the high capacity. In 
underground air-space cables a cable pair weighing only 70 lbs. 
per mue per wire, and having a resistance of 25 onms per mile loop, 
has a much less attenuation, viz. 0058. The vanation of the 
attenuation constantwithfrequencyinTable IV. is large, the diSerence 
between the /J for w = 5000 and m — 3000 being 15 per cent, as com- 
pared with a diSerence of 4*5 per cent, in the case of the aerial lines 
Si Table II. 

219. Tests OB 1 Slnfle-Wire Sabmarlne Gable. — The question as 
to whether a submarine telephone circuit on a single wire is practi- 
cable as a general rule, is one that has attracted much attention in 
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the past. (See an article by Monsietir Devaux-Cliarbonnel in " La 
Lumi&re Electrique," 8 Feb., 1QI3, p. 165, " Resistance et affaiblisse- 
ment des lignes k Simple fil, also an article by the writer in the 
Post OMce Electrical Engineers' Journal. July, 1914, entitled "Two 
Loaded Phantom Circuits in a Four- Wire Submarine Cable.") 

As a matter of fact it has since been demonstrated that there is 



Z 15 

5 • 



O 1000 ZOOO 3000 4000 5000 6000 7000 

2 71 CFREttUENCY) 

Fia. 125. — Variation of Leakancc with Frequency in Double-Wire 
Submarine Cable. 

no difficulty in working such a circuit (see para. 202, Chap. IX.). It 
may be remarked that any inductive disturbance noticed on a single 
wire is usually limited to the cable hut, and disappears if a separate 
earth wire is run out to sea for say half a naut. In order to obtain 
infonnation as to the effects of alternating currents on a single-wire 
tele^aph cable protected by an iron sheath a series of tests was 
earned out by the staff of the Engineer-in-Chief to the Post Office 
in 1912, and the results of the alternating current tests are given in 
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Table V; The most striking feature of the tests is the increase of 
effective resistance with frequency. At (u=5ooo this is I3'36 ohms 
against ii ohms as measured by direct current. Similar results 



1000 2000 3000 4000 5000 6000 7000 

zn (frequency) 

F10..136. — Variation of Leakajtce with FrequeiLC;^ ia Single- Wire 

Submarine Cable, 

have been obtained by M. Devaux-Charbonnel in the tests referred 
to. The leakance also varied considerably with frequency as shovra 
in Fig. 126 and did not follow a straight line. The A.C. capacity is 
slightly less than the D.C. capacity. The increase in resistance is 
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probably due to the effect of the external field of the single wire 
acting on the iron sheath and sea water and giving rise to energy 
losses [see para. 142). 

Before laying a single-wire telephone cable it would be advisable 
to make tests on a sample length of the proposed cable to detemune 
its effective constants. 

tAble v. 

TxBTs oM Single- WiKB Subharikb Cable. 

AlUmaUng Current Tests. Summary of Results at Different Frequencies. 
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Direct Current Tests, 

Resistance per naut ii"o ohms 

Capacity per nant 0-327 m.f. 

Insulation resistance per naut 2570 megohms 

Electrification steady. 

Both the single-wire and double-wire submarine cables in respect 

of which tests are given in Tables IV. and V. had the same weight 

of copper conductor and guttapercha per naut, and the following 

comparison of the measured constants is therefore of interest : — 

Table at Comparatiye Results from Tables IV. and V. at u = 5000. 

Donble-wlrc circuit. Slii«Ie-wiie drcnit. 

Characteristic impedance . 179X31° 7' ohms 99 ^28° 53' ohms 

Attenuation constant (j8) . 00774 0-079 

Resistance 227 ohms ^3 3" °^*^^ 

Inductance 2-21 mh. 1-58 mh. 

Leakance 25 micromhos 43 micromhos 

Capacity 0-16 mf. 0316 mf. ^ 

f 156 137 

The preceding details of tests on transmission hues refer to 
unloaded circuits. Details of tests on loaded circuits are more 
conveniently given in Chap. IX. 
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The Thetmloiile ValTe nsed m «n OselllKtar. — This can be used 
as a portable sine-wave generator. For description see end of 
Chap. XIV. 

«0. Testa OB Artiflelal Ckblei. — ^Artificial cables for telephone 
work such as are used for standard cable tests are generally made 
up of resistance and capacity, the maximum unit bemg that shown 
in Fig. 127. Thus, a section of lo miles of the standard cable (see 
Chap. XI.) is made up of 5 two-mile sections, each section having the 
sameresistanceandcapacityastherealline. The reason for this may 
be undeistood from a consideration of the equivalent n or T circuit 
(App. III. and IV., Figs. D and G in each case) . It will be seen that . 
the mathematical quantities tanh 9, sinh 6 and coth 8 which govern 
the construction of^the equivalent circuit, are such that with small 
values of 6 there is practically no difference in the numerical value 
of 9 and of the corresponding functions sinh 6, tanh $, and coth 8, 

4-4 Ohms 44 Ohms 



oVWWWWW*- 



0.108 m.f. M 



o^/wwwww^ 



-*WWWVW\Ao 



-•VWWSAAAAA/O 



44 Ohms 44 Ohms 

Fig. 127.— Two-Mile Unit of AilificiAl Standard Cable. 

and it follows that an artificial circuit made up of sections which 
represent small line angles, will approach nearer and nearer for all 
possible purposes to the real line as regards its impedance, and 
attenuation at all frequencies. An eqmvalent circmt equal to 2 
miles of unloaded standard cable is equal to a smooth line for 
practical purposes, and this accounts for the usual, method of 
construction. {See Chap. IV., para. 77.) 

For any one frequency, an equivalent circuit may be calculated 
and made up on the principles shown in Chaps. IV. and VI,, and it 
will be equivalent for any line angle, for all electrical operations 
conducted from its two ends, to a real circuit having the same line 
angle. It does not by any means follow, however, that the equiva- 
lent circuit will have the same electrical properties as the real line 
for other frequencies than the one for which it is calculated ; in fact, 
experiment and calculation show that this is far from the case. It 
is to be »q)ected therefore that the waves generated by the voice 
in such a line will suffer some distortion ; but the extent and practical 
importance of this point is a matter for experiment and comparative 
voice tests. Tests on an equivalent circuit of one section represent- 
ing 20 miles of standard cable and another representing 40 miles of 
standard cable have been made in the Post OfBce laboratory as 
follows : — 
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The circuit shown in Fig. 72, which is theoretically equivalent to 
20 miles of standardcable (for the constants of this cable see Table II., 
Chap. VIII.) at a frequency such that 2ji/ = 5ooo was set up, and 
measurements made with the Franke machine. The foflowing 
results were obtained :— 
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These results are 
shown plotted in Fig, 
128, and the calculate 
figiu«s for standard 
cable are added in the 
form of dotted curves. 

It will be seen by 
Fig. 128 that the attenu- 
ation constant and also 
the real and imaginary 
parts of Zq at an angular 
veloaty of 2ir/=50oo do 
not in any case vary 
more than 2^ per cent, 
from the standardcable 
curves. There is, how- 
ever, a much greater 
variation in the imped- 
ance of the two cables 
over a range of fre- 
quency varying from 
01 = 4000 to" (0 = 7000 
radians per second. 
The variation of the 
attenuation lengths of 
the two cables with fre- 
quency over the same 
ranges also show a con- 
siderable variation, the 
artificial cable varying 
much more with fre- 
quency than the real 
one. In order to test 
the practical equiva- 
lence of the two circuits, 
the standard cable and 
the equivalent circuit 
, were compared by a 
speaking test. It was 
found tnat the volume 



Fig. 128. — Comparison of Equivalent zo-lbs. 
Circuit with Standard Cable. Variation of Z, and 
B with Frequency. 

A— Z„ { Heal) of Equivalent Ciicuit. 

B— Zu (Imaginary) of Equivalent Ciicuit. 

C— Zj (Real) of Standard Cable. 

D — Z, (Imagmary) of Standard Cable. 

E — fi of Equivalent Circuit. 

F— 18 of Standard Cable. 
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of speech was equal to zo miles of standard cable for which 
it was desifned. This result was the mean of a number of tests 
made by three observers. The articulation and pitch of speech 
were similar In the two cases; in fact, the dinerence in this 
respect could only be detected by one of the three observers who 
took part in the test. When, however, the equivalent circuit which 
had been designed to be equal to 40 miles of standard cable was 
tested, there was found to te a very marked difference in the pitch 
of speech when speaking over the two cables, the equivalent circuit 
having the higher pitch, and this made accurate comparison difficult. 
The matter was therefore not proceeded with except to verify that 
the desired attenuation constant at u ^ 5000 haa been correctly 
arrived at by calculation and experiment. 

It may be further stated as a general concluaon from these and 
other experiments that if the attenuation and impedance of an 
artificial .line are required to be equal to those of a real uniform 
line over a wide range of frequencies, it is a necessary condition that 
the equivalent artificial dzcuit should be made up 01 T or n sections 
having a relatively small hue angle, otherwise the requirement 
canned be met in all respects. In other words, the more exacting 
the requirement, the more must the artificial circuit approach the 
' constitution of the real line, i.e. it must approximate to unifonn 
distribution throughout its length. 

8K1. Artlfieial Clreuits to meet Speelal Requirements. — It is 
sometimes required to construct impedances which shall be equal 
over a wide range of frequencies to the impedance of a real trans- 
mission line, or combination of line and apparatus. It may be that 
such an impedance is only required for Dalancing purposes in a 
telephone relay set and that the question of the attenuation constant 
is of no importance. In such cases equivalent circuits of the T or n 
type may be too complex for the required purpose, and simpler 
methods are adopted. A description 01 a method of calculation in 
such a case is given in Chap. XIV. 

Again, for some local purpose an artificial cable maybe required 
where a fixed attenuation length is required. The following details 
relate to a case where an approximate value of 20 miles of standard 
cable was required for making speaking tests and a relatively 
large number of the cables were to oe provided. It was considered 
that for this particular requirement a simpler arrangement than the 
equivalent T or n circuit would suffice, and the following steps were 
taken to obtain a suitable arrangement at a cheap cost. It will be 
seen by Fig. 72 that the true equivalent circuit involves the use of 
inductances which it was desired to avoid. In this case a nominal 
circuit such as that dealt with in Chap. III., Fig. 10 and Fig. 38. 
were utilised to make up the cable, the values being chosen as 
follows : — 

{a) For 20 M.S.C. the value of ^=2-i23, hence 
received current _ ^.,„ _ 
sent current 
Now try a nominal circuit of 19-1 M.S.C. for which fil = 2-025 
(see Fig. 129), in order to see whether this meets the requirement. 
We have 
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received current in nominal circuit _ , i ff a\ 
received current in equivalent circuit ~ °^°^ ^^^ ^' ^^ 
but received current in equivalent circuit _^_,.oa5 _, o-r^ifi 
sent current in equivalent circuit ^ 

. received current in nominal circuit _ , _ 

■ ■ sent current in equivalent circuit " ■* 90? X o^Blo - 01194 

Hence the received current at the end of a nominal circuit of 
I9"i M.S.C. should be practically the same as that with 20 miles of 
actual standard cable, if the impedances of the equivalent and 
nominal circuits are equal. 

Now 19-1 mis. X 88 ohms per ml. = 1681 ohms 
and 191 mis. x 0054 mfds. per ml. == ro^2 mfds. 

so that the nominal circuit is as shown in Fig. 129. 




1.032 m.J. 

420*^ 

-A/WNAAAA/*- 



This circuit (Fig, 129) was set up and a speaking test gave its 
transmission equivalent as 20 M.S.C. ; the articiilation, however, 
was clearer than that of the cable. Its impedance was measured 
by a Franke machine with a curre nt of i m.a. and w = 5000 ; the 
Ope n impeda nce was found to be 864 \r3* o' and the closed impedance 
88o\ii°55'. 

{b) It wUl be seen from the foregoing that the impedance of the 
circuit in Fig, 129 is higher than that of actual standard cable, and 
this fact limits its use as a standard in speaking tests. An attempt 
was made to make its impedance as nearly equal to standard cable 
as possible by adding capacity at each end, and the circuit shown 
in Fig, 130 was set up. By inserting different values of x it was 
found that when x = 02 mfds. that the open and clo sed impe dances, 
when measured as before, were 377\46'' 40' and 589X47° 30' respec- 
tively. These values are approximately the same as those for 
standard cable. A speaking test gave the transmission equivalent 
of Fi§. 130 when x — 02 mf . to be 22 M.S.C. and the articulation was 
identicaTwith that of the cable. It was not important in this case 
whether the cable had an exact value of 20 M.S.C. or one or two 
miles in addition so long as the correct value was known, and the 
values which had been found experimentally were therefore adopted. 
It was foimd possible to utilize cheap stock items to make up the 
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values of resistance and capacity, viz. 400 ohms, i mf. and o'2 mf. 
capacity. This case is dealt with at leneth because it shows a cheap 
and practicable way of making up a length of artificial standard 
cable, if the requiremenl: is not too exacting, and it illustrates one 
nse of Fig. 38, Chap. IV. It may be added that a number of arti- 
ficial cabtes were made ap in this way, and they were found to be 
ptaictically alike. 
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222. Tbe Croaa-Talk Meter. — This apparatus is made to the design 
of the Western Electric Company, and is manufactured. so far as 
this country is concerned by Mr. R. W. Paul, London. As its name 
implies the apparatus is used for cross-talk tests, the method of its 
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Fio. 131. — Cross-Talk Meter. Explanatory Diagram. 

use will be better understood after the details of its construction 
have been explained. A simpHfied diagram of the instrument is 
shown in Fig. 131 and the arrangement of the coils and indicating 
dial is given in Fig. 132. The function of the meter is to shunt 
any required fraction of the speaking current from the receiver as 
may be seen by Fig. 131. If the current leaving the trananitter is 
represented b^ i ,000,000 then the figures as engraved round the dial, 
as shown in Fig. 132, give the number of miUionths of the outgoii^ 
current passing through the receiver when the rotating arm is 
opposite the required figure. It should be carefully noticed that 
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the instniment does not measute the magnitude of the current, 
but only indicates the fraction of it passing through the receiver. 




Fig. 132. — Crcss-Tallc Meter. Arrangement of Dial and Coils. 

The values of the shunt resistances in relation to the figures on the 
dial are as follows :— 
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Referring now to Fig. 131, suppose the rotating aim is in the 
position o, there is then 253 + 80 = 333 ohms in circuit as shown in 
the upper part: of the diagmm, and 333 ohms as shown in the lower 
part of the diagram ; further, the receiver is short-circuited. If the 
arm is in the position marked 20,000 and the receiver has an im- 
pedance of 200 ohms to the A.C. voltage in the circuit, we then have 
2 X 1900 + 200 = 4000 ohms in the receiver circuit, and 80 ohms 
shuntmg it by means of the dial coils ; the current passing through 

the receiver is therefore of the total current = ■ where 

4000 loooooo' 

X = the scale reading on the dial, in this case * = zo.ooo. When the 
arm is on the 10,000 stop the 4000 ohms in the receiver is shunted 

bv 40 ohms, and we then have -3 — = — ___ = — and so 

■' ^ 4000 loooooo 100' 

on. It is evident that the shunt is only strictly correct if a suitable 
receiver and frequency are used. It may be remarked that the 
standard 60(ii receiver has. an impedance of approximately 200 to 
210 ohms, at a frequency of 800 cycles per second, which is the 
usual frequency for telephonic measurements. 

When the mstrument is at zero the total resistance in circuit at 
the terminals of the transmitting device is 666 ohms, which is the 
impedance of a heavy gauge aenal line. When the arm is moved 
to 20,000 the total resistance is 6644 ohms, so that the total re- 
sistance is practically constant. 

The reduction of volume which takes place in the receiver with 
various values of shunts may be likened to the reduction of volume 
which occurs by attenuation when a current is transmitted along 
the standard caole, and it is of considerable assistance in interpreting 
the results to know the relative amount of standard cable which 
would give the same reduction in volume as any given number of 
milhonths of the outgoing current ; this information is given in the 
preceding table. 

The full shunt is in operation when the rotating arm is on the 
20,000 stop. The total resistance of all the coils between 20,000 and 
o is 80 ohms, and as the arm moves from 20,000 round towards zero, 
it cuts out of the shunt all the resistance between 20,000 and the 
position of the moving arm. If this eliminated resistance is called 
X, then the number ofmillionths indicated on the circular scale at 
the point opposite the moving arm is in all cases 

1000(80 — x) _ f milhonths of total current passing 
4 ~\ through the receiver. 
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Method of using the 
Instrument. — The me- 
thod of using the cross- 
talk meter is the same in 
principle as that utilised 
in the case of the stand- 
ard cable. A switch 
connects a receiver with 
a circuit of some kind q 
which includes a source 
of cross-talk, and the 
magnitude of the dis- 
turbance is noted by the 
ear. The same receiver 
is then switched into the 
cross-talk meter, and the 
intensity of sound repro- 
duced Dy varying the 
shunt across the receiver. 
The source of disturb- 
ance, whether it be 
human speech through a 
telephone, or some other 
source, such, for example, 
as a " howler," is gene- 
rally used to produce the 
disturbance in the circuit 
under test and in the 
cross-talk meter. The 
howler, however, will 
generally give higher 
results than speech tests, 
and in important cases 
the latter should be used 
as a check test. 

In view of the fact 
that the meter only 
registers millionths of the 
current passing through 
the receiver, and not its 
absolute magnitude, it 
follows that the circuit 
giving rise to the cross- 
talk should have the 
same impedance as the 
cross-talk meter, if the 
recorded result on the 
cross-talk meter is to be 
strictly correct. Not- 
withstanding this, how- 
ever, the instrument is 
very useful in practice 
even in cases where the 
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impedances of the circuit 
under test and the cross- 
talk meter are not the 
same. This arises from 
the fact that engineers 
accustomed to such tests 
know by experience that 
a given result on the cross- 
talk meter is associated 
with certain definite re- 
sults in working condi- 
tions, which are permis- 
sible if the figures do not 
exceed a certain amount 
which varies with the cir- 
cumstances and is known. 
See, for example, the de- 
taUs of tests on loading 
coils in Chap. IX. 

In testing underground 
cable circuits for cross- 
talk, a common arrange- 
ment is to join the circuit 
under test for cross-talk, 
and the cross-talk meter, 
permanently in parallel 
during the test, as shown 
in Fig. 133. This ensures 
that the same voltage is 
applied to the meter, as 
to the circuit under test, 
irrespective of their im- 
^ „ Deduces. If the circuit 
" (S length should be altered 
o g in the test, as may be de- 
£ ™ sirable, this arrangement 
D keeps the voltage at the 
p- sending end the same both 
for the meter and the 
cable. If it is desired to 
test with equal currents, 
as may, for example, be 
sometimes desired in test- 
ing loading coils where the 
inductive effects largely 
depend on current, the 
object may be achieved 
by increasmg artificially 
the impedance of the cir- 
cuit of^ lowest impedance 
until the testing circuits 
are of equal impedance. 
As an alternative the 
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same current, but cases may arise where this arrangement is not 
sufficiently sensitive. If the impedance of the cross-talk meter, for 
example, is much greater than that of the cable, the voltage at the 
cable end will be relatively small, and a relatively small volume of 
sound will result. 

If it is desired to ascertain the amount of cross-talk in commercial 
conditions in any given circuit , the circuit under test is usually closed . 
through an impedance such as is used in practical working^iooo 
ohms IS a convenient value ; it represents the impedance of a common 
battery set in circuit with a long subscribers' cable circuit. If the 
distant end were closed without a resistance, the voltage at that 
end would be nil, and the result misleading on a short line. 

In testing very long circuits a normal condition would be obtained 
by having the distant end open. The current entering any circuit 
under test may be made the same as that in a long line by closing 
the distant end through an impedance equal to the characteristic 
impedance of the circuit, and this is" frequently done. 

In orderto detect cross-talk due to capacity unbalance, the most 
severe test is that made with the distant end open. This is because 
such unbalance increases with the voltage, and the voltage in the 
hne is at its maximum with the distant end open. If the unbalance 
is due to current effects, say the effects of current on loading coils 
giving rise to cross-talk, the most sensitive condition is that with 
the d&tant end closed. 

Fig. 134 shows the usual arrangement for testing loading coils 
for cross-talk. 



itizecy Google 



CHAPTER XI 

THE STANDARD CABLE AND ITS USES, WITH APPLICA- 
TIONS OF TRANSMISSION CALCULATIONS TO PRAC- 
TICAL CASES 

228. The Standard Cable and its Uses.— It has already been demon- 
strated in Chap, V. that the sonnds of the human voice are pro- 
duced by highly complex vibrations, and illustrations of this com- 
plexity are there given. As a consequence, a number of cases 
occur in practice where technical information of great value in 
telephonic transmission can only be obtained by comparative 
speech tests. There are, in fact, properties of the voice which cannot, 
up to the present, be imitated by a testing machine having any 
known comoination of definite frequencies, as will be evident when 
the following properties of speech are recalled. Of course consider- 
able use is made of machine tests as shown in Chap. IX., but the 
need for supplementary tests will now be dealt with. All voices 
have four important characteristics which are of special importance 
in telephony. These are — 
fa) Volume or intensity. 

(b) Articulation or clearness of speech. Perfect telephonic 
articulation assumes not only that such speech is suf&ciently clear 
to be easily understood, but that all the frequencies of the voice are 
preserved in their relative proportions as impressed upon the 
transmitter. 

(c) Pitch. 

hi) Timbre or quality. 

Now the artictUaiion and quality of the voice cannot be ade- 
quately represented and jutted except by speech tests. 

Volitme can often be predicted from machine tests, but there 
are numerous cases where such is not the case, as will now be seen. 

The pitch of a voice is often materially modified by passing 
through telephonic lines and apparatus, and tnis effect is best judged 
by the ear. 

Effects of Frequency on Apparatus.— The effect of frequency on 
many lands of apparatus is very marked, and there are numerous 
cases where tests at one frequency would give no idea of the result 
obtained by speech. For example, the diaphragms of both trans- 
mitters and receivers tend to resonate at different frequencies, as 
explained in Chap. V., and the properties of such apparatus require 
speech tests to fully demonstrate them. The electrical efficiency 
of transfonners and condensers is much greater to relatively high 
frequencies than to low ones. The impedance of signalling apparatus 
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bridged across telephone lines varies largely with frequency. The 
matter is considerably complicated if a number of these items are 
included in the same telepnone circuit, as is often the case, and 
there is no single frequency or combination of frequencies which 
■ can adequately replace the human voice as a means of correctly 
finding the combined volume, articulation, and pitch of speech in 
such cases. The volume can, however, in many cases be predicted 
by machine tests and calculations, at a single frequency, and Uiis 
is of great importance. Attempts have been made to more ac- 
curately represent the effects of^the voice than has hitherto been 
possible by means of machine tests, by using several simultaneous 
frequencies. See a paper on " Telephonometrv," by B. S. Cohen, 
in the professional papers of the Institution of Post Office Electrical 
Engineers. 

Effects 0/ Frequency in Telephone Lines. — As already explained 
the frequency of 800 cycles per second has been adopted as a mean 
frequency for speech, and this usually permits of the possibihty of 
predicting the volume of speech when considered independently 
of apparatus effects, in any length of line. Indeed, for purposes of 
design of circuits, particularly in cables, it is absolutely essential, if 
correct results are to be obtamed, that information of the measured 
effective value of the circuit constants at some definite frequencies 
should be available to give data for estimates and specifications. 
It is still, however, highly desirable to make speech tests to deter- 
mine the character of the articulation, etc. The attenuation in 
lines can often be determined by the standard cable method, 
which also affords a ready means of determining the terminal loss 
when a suitable circuit length is available. Speech tests are made 
by means of a standard cable, and its uses may be defined as 
follows. 

224. Prinoipal Usea of ft Standard Cable. — These are : (a) To de- 
termine the standard cable equivalent of telephone apparatus and 
combinedapparatusandlines (such, for example, as common battery 
subscribers circuits of various lengths) ; (A) to determine the standard 
cable equivalent of exchange wirmg and apparatus generally (such, 
for example, as cord circuits) ; (c) to find the standard cable equiva- 
lent of terminal loss and transition loss in circuits in cables and 
open lines, and to find also the approximate standard cable equiva- 
lent of such circuits. 

Limitations of the Standard Cable Method. 

(a) The constants of circuits such, for example, as R, L, G, and C, 
.cannot be found by this means. 

(b) If the " tone " of the circuit to be compared is very different 
to that of the standard, accurate comparison of the relative volume 
of sound in the two cases is very rliffi n'H, but it is usually possible 
for practised observers to arrive at an approximately correct result 
in such cases. 

(c) The personal factor of the observers making the tests may to 
some extent affect the result. This is, however, guarded against in 
England by taking the mean values of tests by three observers. 
Experience shows that some observers consistently obtain a little 
higher or a little lower result than others. 

It may be finally mentioned that the work tends to become 
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monotonous, particularly if the observers are not keenly interested 
in the resists. On the other hand, the actual observations need not 
nece^arily be taken by skilled engineers ; intelligent youths, who 
need not have a high degree of technical training, suffice for the 
pnipose, if the work is closely supervised and verified by a competent 
ana experienced engineer, 

226. Deflnltlon ot Standard of Tranimlulon. — The measurements 
outlined in the preceding paragraphs involve a transmission standard, 
Just as weights and distances are reduced to pounds and miles so 
it is advantageous in telephone transmission to have a standard. 

Case (fl) : To express the attenuation of speech currents due to 
their transmission through lines, or a combination of line and 
apparatus, in terms of the length of a standard cable which produces 
the same attenuation as the lines and apparatus in question, when 
the latter, and the standard cable, are in turn joined to the standard 
transmitting and receiving apparatus, and the same volume of speech 
isimpressedupon the standard transmitter in both cases. Ef^uahty 
of attenuation exists when the same volume is received m the 
standard receiver, from the two combinations which are in turn 
connected to it. The equality is judged by the ear of the hstening 
observer at the receiving end of the circuit. (Fig. ii}2 and the 
test it illustrates furnish a simple example of this definition.) 

Case (b) : To express the transmission efficiency of any com- 
bination of lines and apparatus, including transmitting and receiving 
apparatus (when this is not the same as the standard apparatus) in 
terms of the length of standard cable connected to the standard 
instruments, which produces the same volume of speech in the 
standard receiver as is produced in the receiver of the combination 
under test when the same volume of speech is alternately impressed 
on the standard transmitter, and the transmitter of the combmation 
under test. (Fig. 140 and the test it refers to illustrate this.) 

220. Description of Trans miSBion Standard.— This is a telephone 
circuit consisting of two common battery subscribers' telephone 
setSj including 300 ohms resistance, connected by a cable as shown 
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Standard Telephone Set consists of (a) a 60-ohms bell re- 
ceiver ; (6) a solid-back transmitter ; (c) an induction coil with 
windings having resistances of 17 ohms and 26 ohms respectively ; 
(rf) a 3 mf . condenser ; (e) a magneto bell of 1000 ohms resistance. 

The subscribers' line is represented by an ohmic resistance {g) 
of 300 ohms. 

. Exchange apparatus included in the speakine circuit. — The 
telephone set is connected as shown in Fig. 135 to (/).a supervisory 



relay of 70 ohms resistance shunted by a non-inductive resistance 
coil of 30 ohms ; (h) a battery of 34 volts {secondaiy cells), which is 
not allowed to fall below 33 volts ; (A) a toroidal coil with four 



windings, each having a resistance of 33"^ ohms. 

The Standard Cable is a cable containing conductors weighing 
20 lbs. per mileper wire, and having the constants shown in Table II,, 
Chap. VlII. This cable is somewhat similar to a number of cables 
which are largely used in local circuits in commercial practice, and 
it is of convenient size for obtaining a considerable length of cable 
circuit loop in a relatively short length of cable, by doubling the 
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circuit back, These facts probably account for its adoption as a 
standard. The standard cable is so arranged that its length can be 
rapidly varied to give any length — say between one mSe and 60 
miles — by steps of one mile. A theoretical switching arrangement 
for such a cable is shown in Fig. 136. The position of the cable 
keys may be changed from position i to position 2 or vice versd. 
but they cannot have an intermediate position. According to the 
position of the key the line controlled by it is included in the speak- 
mg circuit or withdrawn from it. In position i the cable is out of 
circuit, in position 2 it is in circuit. As shown in the illustration 
27 miles of^ standard cable is in circuit for speaking between B and 
C. When any of the keys are in position 2 the lengths of cable 
controlled by them are in series. 

Selection and use of Transmission Standard. Apparatus. — In the 
first instance the apparatus of which the standard speaking set is 
made up, particularly the transmitter and receiver, are selected so 
as to have good but not exceptional quaUties of volume, articulation, 
and tone. The standard set when so selected (particularly the 
transmitter and receiver) should be carefully preserved, and only 
used for exceptional reference purposes. Heavy currents must be 
carefully prevented from passing through the transmitter and 
receiver. It is advisable that six secondary transmitter and re- 
ceiver standards, at least, as near to the stancuird as possible, should 
be carefully selected and labelled, with their relative values, and 
preserved for use. These standards should be carefully compared 
with each other at regular intervals, and if any one of them becomes 
defective it must be replaced. By this method the permanence of 
the speaking standard is as nearly as possible preserved, and ex- 

Eerience shows the method to be fairly effective. Experiments 
ave, however, been made with electromagnetic transmitters and 
non-polarised receivers to secure standards which vary as little as 
possible and the results are promising. 

227. Zero Loop Standard and Sending and ReeelvlDg AUowKnee 
Cnrves. — When the resistancesgandgi in Fig. 155 are zero, we have 
the equivalent of a common battery subscribers' line of no resistance ; 
this is usuaJly called " zero loop,' and in such a case the speaking 
range of the apparatus is at a maximum. If a length of cable is 
inserted in the sending subscribers' loop the speaking range of the 
apparatus is reduced, but the same volume of speech as before may 
be obtained in the receiving apparatus, if the length of standard or 
test cable is suitably reduced. For example, if the standard appara- 
tus is used on zero loop at each end, and speech be transmitted , 
through 47 mOes of standard cable, a certain volume of sound is 
heard in the receiver at the receiving end of the line. If now a 
subscribers' circuit made up of 3 J miles of standard cable be inserted 
in place of g, Fig. 135, in the sending instrument, and the local 
receiving circuit be unaltered, it is necessan' to take out of circuit 
a little over 10 miles of the standard test cable, and thereby reduce 
it to about 37 miles of standard cable in order that the volume of 
speech may be the same as that observed when zero loop was the . 
cont^tion at the sending end. Similarly, an equivalent transmission 
value or "sending allowance" may be found for any length of 
subscribers' circuit, as compared with transmission on zero loop. 
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We proceed thus : (a) Lengths of standard cable having all resist- 
ances from to 50010 are tested in the local line as described ; {b) 
The resistances o to 500 ohms are then plotted on squared paper, 
against the number of miles of standard test cable by which the 
total length of standard test cable had to be reduced in the case of 
any given resistance of local Une, in order to obtain the same received 
volume of speech with the same impressed volume at the sending 
end. A useful curve is thus obtained which gives the "sending 
allowance for local lines." 

This curve for the 24-volt system, which is shown with curves for 
other voltages in Fig. 137, showsthe effect so far as " sending " is 
concerned of the resistance in the lines of common battery sub- 
scribers. For some less important tests ohmic resistance is used 
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instead of cable; as shown at g, Fig. 135. All subscribers' Unes have, 
however, of course, capacity as well as resistance, but so far as 
" sending " is concerned, the capacity has a very small effect in 
subscribers' lines in common battery loops made up of small gauge 
cable, if the resistance does not exceed 300 ohms. This is probably 
due to the rdativdy large effect of the inductance in the exchange 
and subscribers' apparatus. It must not, however, be assumed that 
the subscribers' line acts merely as a resistance for other purposes, 
as its impedance is very different to that of mere resistance. The 
curve shows the result of tests on a subscriber's circuit made up of 
20 lbs. standard cable. 

Receiving Allowance Curve.— li the subscribers' circuit at the 
sending end be kept constant, and " zero loop " be the arrangement 
at the receiving end, we have the condition for maximum volume 
of speech at that end, in so far as that depends on changes in the 
resistance of the subscribers' loop at the receiving end. If, however. 
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a len^h of subscribers' cable (say 3I miles) be substituted in the 
receiving loop for the zero loop, the volume of speech will be reduced, 
but the original maximum volume due to zero loop can be restored 
by reducing the len^h of standard or test cable between the standard 
instruments (see Fig. 135) until the required equality of volume is 
obtained. The amount oy which it is found necessary to reduce 
the length of the test cable is the " Local Line Receiving Allowance " 
of the 3 J miles in the receiving subscribers' circuit, and similarly the 
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Fig. 138. 

" Receiving Allowance " of any and all lengths of the receiving cable 
may be found. If all lengtl^ of cable between zero loop and 5 miles 
of tnis cable are compared in this way a curve similar to that marked 
24 volts as shown in Fig. 138 is obtained. For example, if the volume 
of speech with zero loop at the receiving end is noted when speaking 
over a length of ^7 miles of standard cable (test cable), and two miles 
of cable be then inserted in the receiving circuit, the volume of speech 
will naturally be reduced, but if at the same time ij miles is taken 
out of the test cable it will be found that equality of volume is 
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produced ; this means that 47 M.S.C. +zero loop is equivalent to 
45l M.S.C, + 2 M.S.C. loop, and therefore 47 — 45} or ij M.S.C, is 
the receiving allowance for 2 miles of standard cable in the receiving 
subscribers' circuit. These figures are given in Fig. 138 where 2 
miles of standard cable in the vertical column or ordinate is connected 
by the curve with ij miles in the horizontal line or abscissa, and 
the receiving allowance for any other length may be similarly found. 
In all cases tne " allowance " is less than the miles of cable in the test 
circuit ; probably owing to the effect of the apparatus at both ends 
of the relatively short local line acting in conjunction with the- 
(Opacity in the line. 

228. Current Supply Loss Curves.— Every subscriber's line which 
is made up of a given kind of cable has a definite attenuation length 
whichis numerically the ^ of thecable as given in Table II., Chap. Vlll., 
multiphed by the length of the subscribers' line, and this is the 
theoretical receiving allowance for that length of hne and type of 
cable, in the absence of the modifying effect of the apparatus at the 
two ends of the local line. Owing to this latter effect, however, 
the receiving allowance varies to some extent from the theoretical 
line allowance, as will be seen by comparing the experimental allow- 
ances in Fig, 138 with the values calculated as just explained. The 
loss obtained experimentally is often termed the "high frequency 
loss " (this term is also used to denote the standard cable equivalent 
of bridged apparatus, etc., on lines), and this loss forms a portion 
of the 'sending allowance" as well as constituting the receiving 
allowance. In fact, the sending allowance loss is made up of the 
high frequency loss, plus a loss due to the continual reduction of 
current supply to the transmitter, as the line resistance increases 
with the length of the subscribers' hne. This loss is known as the 
" current supply loss," and in any given common battery system 
it depends only on the resistance of the line. For example, take the 
case of the standard apparatus joined to some definite length of 
local subscribers' circuit made up of standard 20 lbs. cable, or of 
10 lbs. cable. The current supply loss is found by subtracting the 
rec^ving allowance, or high frequency loss, for that length, from the 
sending allowance for the same length in each case, and the dlEEerence 
depencb on the line resistance only. If a length of 10 lbs. cable is 
selected which has the same resistance as the standard cable (the 
lengths of the two cables in this case of course being different), the 
difference between the receiving and sending allowances will be the 
same in the two cases, as it woifld indeed be m the case of any other 
conductor fiaving the same resistance, when the standard circuit 
apparatus is used. It follows that if the receiving allowance curve 
is Known for any type of circuit the sending allowance curve can 
be found by adding the receiving allowance curve to the current 
supply loss curve, or conversely the current supply loss curve may be 
found by subtracting the receiving allowance curve from the send- 
ing allowance curve. Fig. 139 has been prepared in this way by 
subtracting the receiving allowance curves m Fig. 138 for 24, 40, 47, 
and 48 volts respectively, from the sending allowances curves in 
Fig. 137 for the same voltage values. 

For example, the sending allowance in the 24-volt system for a 
subscriber's circuit having a resistance of 300 ohms is io*2 miles 
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of standard cable. The corresponding local line in the case of the 
receiving allowance curve, Fig. 138, is a subscriber's line 341 miles 
in length, for the standard cable has a resistance of 8S ohms per 
mile and 88 x 341 = 300 ohms. The receiving allowance for this 
line by Fig, 138 is as M.S.C., and the current supply loss is therefore 
10-2 — 2'5 = 77 M.S.C. This will be found to be the figure given 
ia Fig. 139. 

If the precise receiving allowance loss is not known, an approxi- 
mate sending allowance may be found by taking the attenuation 
length of the local line, no matter what its gauge may be, and 
adding the value obtained from Fig, 139 for the current supply 
loss associated with the known resistance of the local line and the 
voltage of the common battery system in question. In this way 
one curve for one given voltage system with resistances as ordinates 
and loss in standard miles as abscissae will suffice for all types of 



LOSS IN MILES OF STANDARD CABLC. 
FlO. 139. — Current Supply Loss. 

subscribers' cables. Figs. 137 and 138 also approximately represent, 
however, a mean for aD types of local hnes whether ovetheaii or 
underground, and are used in a general way by the Post Office as the 
allowances for all such lines. Similarly, Fig. 139 gives the approximate 
current supply loss for local lines of all types based on their resist- 
ance. In amnitting such approximations as sufficiently accurate 
it must be borne in mind that different common battery transmitters 
would in any case give local line sending allowance curves which 
would vary more than the sending and receiving allowances of 
different lioes vary when their transmission efficiency is assumed to 
change with line resistance only. In arriving at the sending 
allowance curve the mean of the results of tests on a number oi 
common battery transmitters was taken into account. The 
resistance of all exchange cords, heat coils, etc, should always be 
added to the line resistance in computing sending allowances, and 
the high-frequency loss resulting from the introduction of these 
items should be taken into account. 
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It should be borne in mind that curves such as those given in 
Figs. 137 and 138 depend largely on the type of cord and subscribers' 
apparatus used in tne test as well as on the voltage, and if any of 
these values change the curve may change. The curves are given to 
illustrate the method of making them up, and they at the same time 
give a general idea of the effect of voltage, but the apparatus used 
may be changed from time to time. 

229. Effect of Fixed Resistance In Subsorlberi' Standard Trans- 
mission Circuit, and Range of Telephonic Speech with Standard 
Apparatus. — As shown in Fig. 135, a resistance of 300 ohms is 
included in the speaking apparatus at both the sending and receiving 
ends of the test cable. As previously stated this forms part of the 
standard transmission circuit. At tne sending end of the circuit 
the resistance has the effect of reducing the range of speech trans- 
mission by I0-2 M.S.C. as compared witn the transmission efficiency 
of the sending apparatus on zero loop. In the case of zero loop the 
allowance is o. 

At the receiving end of the line the 300 ohms ohmic resistance 
in the transmission standard set has the effect of reducing the volume 
of received speech by 1'5 M.S.C. as compared with the received 
volume when zero loop is used. The receiving allowance with zero 
loop is o. In practical work it is advantageous to express the 
standard of transmission in terms of zero loop. 

It is found that commercial speech can be conducted without 
difficulty by means of the standard apparatus with zero loop at 
both ends of the test cable, when the latter is constituted by 47 
miles of the standard cable. A quiet room at both ends and speakers 
with suitable voices are stipulated as necessary conditions. It 
follows that if the standard apparatus has 300 ohms inserted at 
each end of the line the same volume of speech at the receiving end 
of the line with the same impressed volume at the sending end 
necessitates the reduction of the length of standard cable in the test 
cable from 47 to 35 3 miles, for we now have by the previous defini- 
tions — 

Sending allowance 102 M.S.C. that is ^ = 10812 
Receivmg „ I'S „ „ =01590 

Test cable „ 35*3 „ „ = 37418 

470 „ „ 40820 

Say;»;-r 

280. Strength ot Direct Current In Standard Local Circuit. — If 

the current circulating in the circuit is known and also the type of 
the circuit, the sending allowance can be found. On the other hand, 
it is possible to say what current is required in order that a given 
allowance may be obtained. The following shows the method, 
although the individual items may change. 

The resistance due to the exchange apparatus is as follows in 
accordance with the details already given : — 

Toroidal repeating coils 45 ohms. 

Resistance of supervisory relay 2i ohms. 

Extra resistance in office wiring r ohms. 
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Resistance of subscriber's apparatus in sending 
circuit, i.e. solid back transmitter and induc- 
tion coil winding ti ohms. 

Resistance of subscriber's loop . . . ' . . R ohms. 

Minimum volt age "permissible 23 volts. 

The direct current circulating in the circuit is therefore 
T_ 22 

66 + R+r + ri 
The current measured from the external cable terminals at the 
exchange is, if r is neglected, 

|-:o-33aip. 

If the subscriber's instrument is added on zero loop we have to 

add the resistance of the transmitter — say 60 ohms 1- the line 

winding of the induction coil (17") =60+17 ohms. The formula 
then becomes 

I = „" = -?! = 0154 nearly 
66 + 77 M3 ^^ ' 

If a 300-ohms loop is added we have the standard circuit, then 

I = -— = o'ogo amp, or 50 milliampires nearly. 

Ii the resistance of the apparatus at the subscriber's station is 
excluded we have 443 — 77 = 366. 

In that case I = -^ = 006 amp. or 60 milliampferes. 

If, therefore, we measure the current at the terminals of the line 
in this subscriber's station and know the exchange voltage, the 
resistance is directly obtained, and knowing that the exchange resist- 
ance is 66 ohms, it is evident that a 300-ohms tine circuit is measured. 
The sending allowance can then be obtained from Fig. 137. A similar 
equation for each voltage may be made. 

231. Applieatlons ol the Standard Cable Method of Testing.— Trans- 
mission losses due to apparatus in bridge and in series in transmission 
lines. The following illustrates the method of using the standard 
cable for this purpose. Suppose, for example, it were desired to find 
the effect on the received volume of sound of bridging two similar 
indicators of relatively low impedance across the middle of a 
length of the unloaded test cable in Fig. 135. This would have the 
efEect of altering the received current as compared with the current 
received when the bridges were absent. The eifect of the bridges 
in such a case would be determined by finding how much of the 
standard test cable had to be switched out of circuit with the 
indicators bridged across it, in order to produce the same received 
volume of sound in the receiver as was observed at that point 
when the bridges were absent. The amount of standard cable 
withdrawn would be the "allowance" for the bridges. On the 
same principle the allowance for condensers in series, transformers, 
cord circuits, etc., may be found. Strictly speaking all suck trans- 
_.■ — ■ — i""s^s apply only to the circuit in which they are observed. 
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as the result depends on the relative impedance of the apparatus 
and line. The results obtained, however, may be taken as an 
average figure appl3^ng to other circuits which do not differ largely 
from the unloaded standard cable in impedance. In cases where the 
conditions differ materially from those in which a given loss is 
found this must be taken into account. It is usual in well-equipped 
transmission laboratories to have artificial cables to represent 
more than one type of line. The Post Office, for example, has an 
artificial hne to represent aerial lines (see article on " An Artificial 
Equivalent of an Open Wire Line for Telephonic Exjjeriments," by 
G. M. B. Shepherd in the Post Off,ce Electrical Engineers' Journal, 
Oct., 1914). and means are also provided for loading the standard 
cable. Not only so but if the conditions are exceptional a special 
artificial cable may be made up on the principles developed in Chaps. 
IV.. VI.,'X.. and XIV., and this is in (act often done in the Post 
Office Laboratory. Any details of transmission losses which are 
determined by test and tabulated for general use should specify the 
general conditions in which they may oe used. Thus losses due to 
apparatus bridged across the middle of a heavily loaded circuit will 
be different to the same apparatus bridged across the same unloaded 
circuit. 

Method of deUrmining the Transmission Efidency of different 
Common Battery Transmission Systems in Terms of the Standard 
C.B. System, — The standard transmission circuit may be used to 
test other well-known common battery systems of transmission. 
When an occasion arises which necessitates the comparison of the 
transmission efficiency in such cases the testing arrangement is that 
shown in Figs. 140 and 141. Suppose, for example, it were required 
to compare a second common oattery system for transmission 
efficiency with the standard transmission system for long-distance 

Iiurposes, sav over a length of 47 miles of the standard cable on zero 
oop. It will be seen from Fig. 140, which represents this case, that 
two lengths of standard cable can be switched into either system at 
the will of the controlling testing officer. A preliminary test of the 
two systems would be advantageous in the first instance, using the 
cable of fixed length only, and switching it into each circuit alter- 
nately by the switches at a and b. The speaker at the sending end 
usuaDy counts one to five in a uniform tone over each circuit alter- 
nately, whilst at the same time the receiving observer carefully 
notes the difference in the received volume of speech. In all proba- 
bihty speech over one gf thesystems would be louder than that over 
the other system in these circumstances. The variable balancing 
cable is now switched into the system which dves the louder volume 
of speech, and kept there for the time being, the cable of fixed length 
still being used for comparing both systems as before. A length of 
cable is next inserted in the balancing cable and varied until speech 
over the system in which it is included is of equal loudness to speech 
on the other system. The length of standard cable in the balaricing 
cable indicates that the circuit in which it is placed gives louder 
transmission than the other one by the number of miles of standard 
cable in the balancing circuit. In a similar way to the preceding 
tests on zero loop , a comparison can be made for any length of sub- 
scribers' circuit. It would be smipler if a separate standard cable 
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were inserted in each circuit and the length of one of them altered 
until equality of volume in the receiving apparatus was noted ; 
but there would be a risk of the t€?sting cables not being quite equal ; 
this risk is reduced to a minimum in the method adopted, as the 
balancing cable is usually of small length, and any error would be 
confined to that length. The total length of cable in use is also 
considerably reduced as compared with the use of a separate cable 
for each circuit. The switching movement of the balancing cable is 
shown- in Fig. 141 ; it is omitted for simplicity in Fig. 140. The two 




key levers shown at K, Fig. 141, are fastened together and move 
always in the same direction, and this permits of easy manipulation. 
The changes from one condition to anotner should tisually be as rapid 
as possibfe, otherwise the accuracy of the observations may suffer, 
ThK remark apphes to all standard cable tests and a rapid switching 
device should always be considered. 

A test for articulation would, of course, be necessary in the 
comparison of two C.B. systems ; this should be made with both 
short and long lengths of line, speech being conducted both softly 
and loudly. 
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Having completed the test of the whole system, the transmitters, 
receivers, cords, etc., could be compared witn those in the standard 
circuit, keeping everything constant except the item tested. It 
would, of course, t>e necessary to bear in mmd that any given item 
might be designed for use on its own system only, and would not 
necessarily give the best results on the standard circuit. Notwith- 
standing this fact, experience shows that such comparisons often 
brii^ useful facts to light. 

Figs. 137 and 138 snow the result of a comparison of four common 
battery systems with various lengths of local hne. The comparison 
was made in the Post Office Laboratory, and the curves are taken from 
an article by Cohen and Hill in the Euctrician for July, 1916. 

The Relative Transmission Efficiency of Telephone Conductors. — 
The following is given as a simple illustration which it is necessary 
to understand, in order to follow subsequent explanations. 

If two uniform circuits not difieilng greatly m impedance and of 
sufficient length be compared by a speech test as shown in Fig. 142, 




FiQ 142. 
Diagram showing Method of Comparing Circuits. 

it is found that when the speaker at point No. I speaks in a level 
tone alternately on each circuit by means of the change-over switch, 
and the observer at speaking point No. 2 finds the volume of sound 
to be equal on the two circuits by a listening test, then the ratio 
between the lengths of the two circuits is always the same. Thus 
if 20 miles circmt length of one cable gives speech of equal loudness 
to 10 miles of the otner, then equahty of speech will be obtained 
with 30 miles of the one circuit and 15 of the other, also with 40 
miles of the one and 20 of the other. This fact may be expressed 
as follows: — 

l^pt ' h R ~ ^ constant quantity (for equal transmission) . (i) 

This result may be mathematically deduced from formula (16), 
Chap. II. In fact, if the so-called attenuation constants (^ par 
mile are calculated for any two circuits from their electrical constants 
at 800 periods per second, the same ratio is obtained as in speech 
tests, if the lines do not differ in impedance. 
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Standard Cable Equivalent of Terminal Loss in Loaded Cables. — 
The results of tests such as those in the preceding paragraph may 
also be 'graphed, and a straight Une graph is obtained as shown in 
Fig. 143 (lower curve). The figures graphed are those on page 276. 
In practice, all lines are compared with the standard cable. The 
attenuation value or standard cable equivalent of this line is taken 
as unity. The advantage of the graphical method is seen when 
the characteristic impedances of the fines tested are not equal to 
that of the standard cable. In that case we have terminal loss, as 
already explained in Chap. VII. The attenuation law still holds 

Sod for the current as it flows along the line. In such a case the 
>s of current due to end effects, which may be regarded as quite 
separate from the attenuation loss, would be a fixed amount, no 
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MILES OF CIRCUIT UNOER TEST. 



matter what the length of the hne {if it were long enough), and this 
loss could be expressed as equal in effect to the attenuation which 
would take place in speaking over an ascertained length of the 
standard cable. This might be called the standard cable equivalent 
of the terminal loss. It may be shown graphically, as in Fig. 143 
jupper curve). See alsoformuIa(6i),Chap. VII. The terminal loss 
m Fig. 143 is the S.C.E. between the point where the loaded graph 
cuts the vertical and zero ; the loaded graph is parallel to the un- 
loaded line graph in this case, because the attenuation constants 
of the loaded and unloaded lines are assumed to be the same for 
simplicity. This means that the loaded circuit is of less gauge than 
the unloaded one. If the gai^es were the same the graphed lines 
would cross. 

Terminal loss can be reduced to a very small quantity by various 
devices. 
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(1) If speech over the long loaded lines is conducted from long 
local unloaded lines joined to them (say long unloaded common 
battery subscribers' lines 4 miles in length) the impedance con- 
ditions are considerably modilied and the terminal loss is consider- 
ably reduced. (See Fig. 82.) 

(2) If it is not elimmatej a tenninal transformer may be used 
to complete the desired reduction. These transformers are made 
so that the impedances of their windings are similar to the lines to 
which they are connected, and this reduces the loss to a minimum. 
With the most suitable transformers the loss can usually be brought 
below 0'5 S.M. if the terminal transformer replaces an ordinary 
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CHARACTERISTtC IMPEDANCE. 
Fig, 144. — Variation of Tenninal Loss with Line impedances. 

Standard Circuit with difierent lengths ot Subscribers' zo-lbs. Cable, joined 
at both ends to a long loaded line. 

If it does not the transformer core loss 



terminal loss curves for a number of useful cases. If the reader 
has any doubt as to the interpretation of these curves the remarks 
on Figs, 80 to 83 should be again consulted. If tenninal loss curves 
for 10 lbs. cables on loaded side circuits are required, the method of 
interpolation described in connection with Fig. 83 is useful for 
obtaming an approximate curve. It should be remembered in this 
connection that the terminal loss value for zero loop is the same 
for a curve of terminal loss in connection with any local line, seeing 
that there is really no line in circuit. Zero loop values for a large 
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range of impedances are given in Fig. 144, and these can be used 
to obtain the commencing point for interpolation on the curve for 

i 
3 



characteristic impedance 

Fig. 143. 

Same as Fig. 144. but with Terminal Transformers replacing the Repeating 

Coils in the Standard Circuit. 

terminal loss on 10 lbs. cables in Fig. 146. Any difference which 

may be observed in zero loop 

curves in different graphs is due ■ * 

either to differences in the lines ^ 

and apparatus tested or to ex- o 

perimental errors. Figs. 144 and „ 3 ■ 

145 in this chapter were pub- u} q 

lished in an article by Mr. B. S. ° a 

Cohen in the Post Office Electrical , g 

Engineers' Journal for April, ttx. t 

19^3- 2 S 

232. Transmission Schemes. £ w 



to 

design plant in conformity with 
a predetermined transmission 
standard in given areas, and 
between fixed points, at a 
minimum cost. The careful 



MILES OF to LBS, CABLE. 

Fig. 146. — Terminal Loss at both 



preparation of such a scheme ends of Heavily Loaded Side Circuits 
IS therefore of great mipoitance. using Standard Apparatus and 10 lbs. 
The class ofservice to be pro- Subscribers' Circuits. Normal spacing, 
vided determines to some extent 

the grade of the transmission standard, or in other words the loud- 
ness of the talk to be provided : thus in the case of stations in the 



Digitizecy Google 



38o 



TELEPHONIC TRANSMISSION 



same local area or in the case of towns not far distant from each 
other, where the conversation has to be carried on in some cases in 
noisy offices subject to disturbance from street traffic, or other 
causes, it would be reasonable and practicable to provide a louder 
standard of speech than in the case of the longest distance trunk 
service. It would indeed be reasonable to expect that a quiet 
receiving room or a silence cabinet should be provided to take 
advantage of the necessarily small volume of speecli which electrical 
and physical limitations impose in the case of the longest trunk 
connections. If such facilities are not provided this class of service 
is impossible. The two cases supposed axe however extremes, and 
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^ MILES OF STANDARD CABLE 

SUBSCRrBERS LOOP. 

Fio. 147.— Terminal Low at both ends of a Heavily Loaded Phantom 
Circuit using Standard Apparatus. Normal spacing (terminating half a loading 
section from each end). 

there is evidently an intermediate stage between them. We thus are 
led to consider the desirability of different standards of transmission. 

The General Transmission Scheme in the United Kingdom, — The 
United Kingdom is divided up into large areas known as " zones " for 
purposes of telephonic communication. Each zone has a telephone 
zone centre or centres through which communication with places 
in the same zone and in other zones is effected. 

For very long-distance traffic certain selected zone centres serve 
as principal centres of communication, and it is between these 
selected zone centres that the main arteries of long-distance com- 
munication are provided. Such circuits are reserved for long-distance 
traffic where this is considered economical. 
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In some cases where a second centre, known as a sub-zone centre, 
coutd be utilized owing to its favourable position with respect to 
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Fig. 148. — Tennmal Loss at both 
ends of Heavily Loaded Phantom Cir- 
cuit using Standard Apparatus and 
10 lbs. Subscribeis' Cable. Nonnal 
spacing {terminating half a loading 
section from each end). 



MILES OF 10 LBS. CABLE, 
Fic 149. — Total Transmission 
Loss at both ends of — 

A. Heavily loaded aerial line ter- 
minating 1} loading sections from 
each end. 

B. Lightly loaded underground 
cable tenninating i loading section 
from each end. Using Standard Ap- 
paratus on 10 lbs. Subscnbers* Cable. 
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Other zone centres, and to towns and localities in its own zone, sudi 
a subKjentre is provided with the object of shortening the lines of 
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communication andfacilitatmg telephonic traffic. Tlie outline map 
{Fig. 151) shows the position of the zone and sub-zone centres in 



ENGLAND 

& WALES 




England. Scotland and Ireland each constitute a separate zone 
with sub-zone centres at Aberdeen and Belfast respectively. 

Fig. 152 has been prepared to give an idea of the method of 
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providing intercommunication among the various groups i 
and its communication with other zones. In reality the 



IDS m a zone, 

___ the system is 

much more comj)lex than that indicated by the plan, hut a relatively 
simple diE^ram is given to bring out the fundamental facts more 
clearly. The controlling exchanges correspond to the towns already 
mentioned as being the centre of a local sj^tem, and the minor 
exchanges are generally smaller towns, or villages, any of which 
might also if necessary communicate with other exchanges than 
those to which they are shown connected. The controlling ex- 
changes control or regulate the traffic between the minor exchanges 
connected to them, and all other exchanges, i.e. they join the minor 
exchanges through to each other or to distant towns, in the order 

EXPLANATORY DIAGRAM »F ZONE COMMUNICATION. 
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UE ZONE BOUNUniES 
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Fig, 152. 

of priority of demand irrespective of the office of origin, and also 
supervise the duration of the calls. All calls passing through the 
zone centre are, however, controUed there. There is a notable 
exception to this method of control, i.e. if any two controlhng or 
minor exchanges, each of which is connected to a third throiigh 
which they communicate, have a considerable volume of traffic 
between them, arrangements are made where possible to organise 
the traffic on a no-delay basis, i.e. the controlling office in such a 
case does not jiote the time of demand and arrange the call in turn 
with others, but immediately joins the calling circuit direct to the 
required town. To illustrate this point, suppose we have intense 
traffic between A and B passing through C (Fig. 152), and that the 
necessary junction circuits to cany it exist between A and C and 
B and C. In the supposed case C would simply connect A with B 
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immediately on the demand of A or B for as long as required, if the 
circuits ctmd be spared, and would clear the connection on receiving 
a signal of termination. 

This scheme gives practically unlimited use of circuits between 
A and B, when they are not required for use for traffic between A 
and C or B and C. 

2S8. The Definition of Tranimlulon StsDdardi. — The following 
standards of telephonic transmission were laid down by the Engineer- 
in-Chief of the Post Office in May, 1915, under the heading of 



" Preparation of Transkission Schemes. 

"The standards of transmission to be provided in future for 
local and trunk traffic will be as follows ; — 

" The audibility shall not be worse than that obtained from two 
standard telephones separated by the length of standard cable shown 
opposite the different classes of service detailed below. 

Claaa of service. Standard. 

I. Between stations in the same urban area . 20 Nf.S.C. 
II. Between (a) stations in the same zone. . \ 
Between (b) stations in adjacent zones and) 

not more than 200 miles apart . 
Between (c) stations in any two large com- 1 2=; M S C 
mercial centres where traffic is sufficient ^ ' " ' 
to justify direct lines' between local ex- 
changes ; e.g., London-Birmingham, 
London-Liverpool, Bristol-Cardiff . . 

III. Between (n) stations in adjacent zones and 

more than 200 miles apart ; e.g., Ipswich- 
Exeter 

Between (6) stations in different (not adja- 
cent) zones and not more than 300 jailes \ oq jy g C 

Between (c) stations {on central exchanges) 
in any two large commercial centres from 
300 to 400 miles apart ; e.g., London- 
DuHin, London-Glasgow 

IV. General standard for long-distance com- 

munication between stations in Great 
Britain and Ireland and not included in 
any of the foregoing 35 M.S.C. 

" In order that the standards quoted above may be attained, 
the standard cable equivalent of the combination of circuits by 
means of which a subscriber reaches his zone centre for a trunk call 
must not be greater than the equivalent of 10 niilfis of standard 
cable plus a 300-ohm loop, but the transmission emciency of ' the 
combination of line circuits must in no case be inferior to that of 
an equal length of standard cable, that is to say, if the route length 
be tmee miles the standard cable equivalent of the Une must not be 
more tluui three miles. 
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" The standard cable equivalent of the junction circuit combina- 
tions used for trunk traffic between zone centres and the local 
exchanges of their immediate neighbourhoods must not exceed the 
following values : — 

Mudmum standard 
cable eqaivalent. 

Up to 10 miles route length 5 

From 10 to 15 miles route length 6 

.. 15 to 20 7 

„ 20 to 25 „ „ 8 

Over 25 miles route length 10 

" These standards include all wiring and apparatus losses," 
234. The Design of a Ttansmisslon Sobeme. — The economical 
lay-out of a telephone sj^trai to meet a fixed transmission standard 
presents a problem of some complexity. There are a number of 
possible solutions to the problem, which, however, cover a consider- 
able range of cost. The object of the transmission engineer should 
be to obtain the required efficiency of transmission at the least 
possible cost. As a first step it is necessary to settle three important 
matters — 

(a) To define the boundaries of the exchange area. 

(b) To determine the theoretically correct position of the ex- 
changes in the area, both as regards the centre of the whcJe area 
and each separate exchange, 

Jc) To fix transmission standards for local traffic and also for 
ium and long-distance communication. 

The fixing of the boundaries will depend upon the community 
of interest ofthe prospective groups of subscribers, and also on the 
convenience of administration, bearing in mind that the whole area 
will require to be worked in conjunction with contiguous areas. 

To find the ideal centre for a local exchange in a given town, a 
list of the known and probable subscribers is compiled. A large 
scale map of the town is then obtained and divided into squares of 
about 22,000 square yards in area. The position of each subscriber 
is marked by a dot in its respective square, and the total nmnber of 
subscribers ui each square is then entered in the square. All the 
columns of figures are next totalled horizontally and vertically. 
The sum of the horizontal and vertical columns will, of course, give 
twice the total number of subscribers. The totals of each horizontal 
colimfin are entered opposite to and immediately at the end of the 
horizontal column to which they refer, and the vertical columns 
have their totals entered separat^y at the foot of each column. 

We have thus two sets of totals, one vertical, consfsting of the 
horizontal totals, and one horizontal, consisting of the vertical 
totals, the former being at the right-hand edge of the chart and 
the latter at its foot. Now find a point in each of these columns, 
such that the number of subscribers on both sides of it is equal. 
Thus if there are 50 totals in the vertical column, but the sum of 
the top 20 is equal to the sum of the bottom 30 totjds, then the point 
require'd is at the foot of the 20th total from the top. Lines are 
drawn from each of the points named at right angles to the edge of 
the chart and to each other, and produced tiB they meet in the chart ; 
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the point of junction is the theoretical centre, and the desirable 
or soKialled ioeal centre is the nearest possible point to it. (See a 
paper by R. Waring entitled " Development Studies," No. 23 in the 
Institution of Post Office Electrical Engineers, Professional Papers.) 

The standard of transmission is determined by the general 
scheme already quoted. 

As regards the question of deciding what proportion of the total 
transmission loss shall be allocated to any particular part of the 
total combination of circuits giving a fixed standard of transmission, 
one broad principle continually operates in transmission schemes. 
We have fundamentally to consider some local area consisting, let 
us say. of a large town and its suburbs, together with neighbouring 
smaller towns or villages near to it, all of these places probably 
having a community of interest. This local area, considered as a 
whole, will require to communicate with other areas, the nearer 
ones generally more frequently than the distant ones ; and this 
localization of tr^c will probably attain its maximum among the 
subscribers in the most important town of the local area. A number 
of junction circuits will be required for intercommunication among 
the various groups, and the number of these circuits will naturally 
depend on the extent of the traffic. The subscribers' circuits are 
evidently much more numerous than the junction circuits required 
for local traffic, and these are generally larger in number than the 
trunk circuits required for long-distance traffic. An important 
problem here at once presents itself, for if the subscribers in two 
towns in the same area are connected by a number of junction cir- 
cuits and the whole local system is so designed that conversation 
between the subscribers is m accordance with some predetermined 
transmission standard, it is clear that the efficiency of the junction 
circuit and the subscribers' circuit may each vary considerably, 
and yet the combined efficiency of the two circuits may not exceed 
a given transmission standard. When, however, the cost is con- 
sidered, there will probably be only one combination which gives 
the required efficiency at the cheapest cost, and this will generciUy 
depend on the relative amount of copper in the two groups of circuits. 
The problem outlined is a very frequently recurring one. In the 
next chapter some notes on the method of attaining the best results 
are given. It will be convenient at this point to anticipate this 
information to some extent. 

Assuming that the positions of the exchanges have been deter- 
mined and the length of the subscribers' Unes is known, the standard 
can at once be applied, 

Suppose we require to determine the circuits necessary for local 
intercommunication between two definite points in the area, it 
being known that the traffic will be sufficient to justify special 
circuits for local traffic, This case is illustrated by Fig, 153. After 
having thoroughly studied the method of determining the transmis- 
sion equivalents m this case the same method may be apphed to 
any other case. We have here two towns A and C (Fig. 153)_ com- 
municating through a controlling exchange B, and we require to 
find the necessary lines and apparatus to meet the required local 
standard. The standard for local communication anywhere in the 
area is defined in the Ust of transmission standards already given. 
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Conversation must never be worse than that obtained when speaking 
by means of the standard instruments over 20 miles of the standard 
cable. At the same time it must be remembered that the subscribers' 
circuit and apparatus must be suitable for long-distance communica- 
tion. 

At this point the specialized data furnished by the Engineer-in- 
Chief s office enables the engineer responsible for the work to arrive 
at a decision as to the type of circuits to be employed. 

CBEx. CBEx. LBEk. 

gMWhUBM 5iii;m.[itiE /-;;-. ^ ZIM. «ti AERIAL BROMZt [> i ^;HMH.CMII 

WwEUN JUHTIDH ,„i-;J~~ JUNCTION tIRCIIIT fesiW 

CIRCUIT [IRCUII "Nil"-!!* mj^p. 

EXCHANGE. 

Fig. 153. 

Selection of the Type of O0ice Equipment. — The type of telephone 
installation must now be decided ; for example, the question arises 
as to whether a common battery or a local battery installation is 'to 
be installed. The present practice in Great Britain is to estimate 
on a twenty-year basis and to provide common battery installations 
where more than six operators positions are required. The reasons 
for this do not come within the scope of this study. If the number 
of operators' positions will be not more than six a local battery 
installation is provided. 

It is assumed in this particular case that common batteiy 
■working will be required at A and B and a local battery system at C. 

Selection of Conductors.— Transmis^on studies, such as those 
dealt with in the next chapter, show that it is economical to provide 
lo-lb. cables for subscribers in towns generally, and experience 
shows that by far the greater part of them come within a length of 
2 miles. This maximum length and type of cable is assumed for 
the subscribers at A and C. 

The subscribers' hue being fixed, and the apparatus at the 
exchange known, the standard cable allowance pemussible for the 
junctioDS may be found. It is, however, desirable in the first 
instance to express the standard of 20 miles of the test cable plus 
the standard instruments, in terms of the zero loop standard thus, 
remembering that the standard instnmients contain a resistance of 
300 ohms in Doth the sending and receiving circuits. 

By Fig. 137 we have for a 300-ohm loop in the 24-volt system — 

Sending allowance ' I0"2 

Receiving allowance (experimental result) ... i"5 
Local standard allowance . , 200 

317 

This standard therefore must not be exceeded. 

The losses due to the two lo-lb. subscribers' circuits, and the 
cord circuits, and office wiring at A, B, and C, are as follows. Assume 
in the first case that A is speaking to C, as this is the worst condition. 
as will be seen later. It is to be noted that if communication is not 
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the same in the two directions, the worst case is always to be provided 
for. We here assume that the two most unfavourable subscribers' 
circuits have been srfected. The losses involved are as follows : — 

Subscriber at A, 2 miles of lo-lb. cable in C.B. 24- 

volt system. Sending allowance H'5 

Wiring allowance at A 04 

B 0-5 

Cord loss at B 10 

Wiring loss at C .... 0-4 

Cord loss at C 10 

Subscriber at C — 2 miles of loJb. cable in local battery 
system — receiving allowance (by Table 11., Chap. 

VIII.) . . . . . y 314 

1794 

(The subscribers' receiving apparatus is assumed to be equal to 
the zero loop standard.) 

Deducting 18 m.s.c. from the available 317 m. standard we have 
I3'7 miles of standard cable for the junction circuits. 

If the 20-mile junction is made up of 40 lbs. bronze, the transmis- 
sion equivalent is 7 m,s.c. In view, however , of th e fact that the 
characteristic impedance of this line is 1581 \37" 46' ohms, the ques- 
..,..,< If the 1 



tioa of terminal loss requires examination. If the necessary infor- 
mation is not available from existing records it will be necessary 
to investigate the matter. If the bronze line be taken as sufficiently 
loi^ to approximate to an electrically long line, and the apparatus 
ana 2 mfles subscribers' line at C has the same impedance as the 
standard apparatus on a simitar local line, the transmission loss at 
C can readily be calculated. In any case, when the impedance is 
known the processof calculation is the same, and it will be convenient 
to assume that the impedance is that of the standard apparatus on 
a line with a resistance of 350 ohms or 4 miles of standard cable, as 
in Fig. 85, and that the bronze line is sufficiently long and has the 
impedance shown in Table II., Chap. VIII. Of course this assumption 
is not strictly correct, but the bronze line is extended by two others 
before reachmg the subscriber at A. Mr. A. J. Aldridge, in his paper 
on " Practical Application of Telmhone Transmission Calculations," 
referred to in connection with Table II., found that in the case of 
composite lines a constant value is readied when the lines have 
values approximating to 8 m.s.c. This is not far from the 7 m.s.c. 
equivalent of the bronze line in question. If some such assumption 
is not made the calculation becomes very complex. It can, however, 
be dealt with by constructing the eqmvalenr n or T circuits, or by 
graphical methods such as that used by Mr. Aldridge. On the 
assumption we have made, however, the loss at C is found by example 
number i to be 0"5 m.s.c. The loss at the joint at B on makmg 
the same assumptions as to sufficient length is by example number 2 
1-15 m.s.c. It is to be noted that any error resulting from the 
assumption that the lines are long enough to have a constant 
impetyince is likely to be that a loss somewhat too great will be 
obtained. This is because the effect of electrically short lines 
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inserted between long lengths of other lines, as illustrated by Fig. 84, 
is to' decrease the loss, until, when the line is very short, the loss 
disappears altogether. It should be noticed that the ratio of the 
impeaances of the bronzecircuit and thestandard cable is 277 with an 
an^e of only 54 degrees. The effect of the angle is here very small and 
the result ootained in example i is nearly the same as that obtained 
from Fig. 81, i.e. the case where the angle is neglected altogether; 
this is generally true when the difference of the angles involves a 
snail figure. 

From the preceding remarks it will be seen that the transmission 
loss at the junctions B and C amounts to IT5 + 0'5 = 165 m.s,c. 
To arrive at this loss we have in the case of each end of the line 
assumed the bronze length to be inserted between two equal im- 
pedances and have divid^ the resulting loss by 2 to obtain the mean 
in both directions. The 20 miles junction circuit with its terminal 
loss will therefore account for the total of 7 + 1'65 = 865 m.s.c., 
leaving 137— 865 = 5 m.s.c. nearly, available for the 5-mile junction 
circuit between A and B. If underground work is suitable as 
assumed, then 20-Ib. cable would suffice, if the capacity of this cable 
, were 0*054 mf . per mile, as it would have a standard cable equivalent 
of 5 m.s.c. n the capacity were higher this would be increased 
accordingly, and the cable would not meet the case. If, however, 
40 lbs. bronze aerial wire were more economical and an open route 
suitable it would be used, In this latter case there would be ample 
margin of transmission efficiency, and the question of terminal loss 
would not be important. Its amount, however, would be easily 
found, for we have then a sufficiently lon^ length of 40 lbs. bronze 
between two equal lo-lb. circuits, and this has already been dealt 
with. 

In deahng with cord and wiring losses the remarks under the 
heading of " Applications of the Standard Cable Method of Testing," 
should be borne in mind. 

Notes on the Standard Cable Values found in the preceding Example. 
— The sending allowance due to the 2 miles length of 10-lb. cable 
is found by taking the receiving allowance of a 350-ohm loop on the 
24-volt system from Fig. 138 and adding it to the current suppler 
loss for the same resistance in Fig. 139, in order to illustrate tnis 
method. 

It will be observed that nothing is shown under the heading of 
cord loss at A ; this is because the cord circuit is included in the 
standard test instrument. 

No terminal loss is involved at Exchange A because the standard 
cord circuit with a 350 subscribers' circuit is connected to a length of 
standard cable. 

Modification of Allowance when sending from C to A. — Assuming 
that cords of similar impedance are used in both directions the sum 
of the transmission values between A and C will be unaltered, but 
the subscribers' circuit values will be modified as shown hereafter. 
It should be noted, however, that the outgoing exchange cord has 
sometimes a different value to the incoming one, and this should 
be watched. As this does not affect the pnnciple of the example 
we assume the same value in both directions. Suppose that an 
ordinary micro-telephone is used at C. This instrument has an 
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allowance of y$ m.s.c. as compared with zero loop. The trans- 
mission losses in the subscribers' circuits are as follows : — 

Miles of Standard Cable. 
Subscribers' apparatus at C, sending allowance (as 

compared with zero loop standard) 7'5 

Subscribers' line at C, 2 miles of lo-lb. cable . . . 3'i4 
Receiving allowance of subscribers' line at A by 
Fig. 138 30 

13-64 

A reference to the previous hst of losses will show that those 
due to the subscribers' circuits when sending from A to C amount 
to I4'64 m.s.c, and it is therefore evident that the loss is greatest 
from A to C, This condition should therefore be provided for. 

This difference of transmission in two directions does not conflict 
with the conclusions in Chap. XIII. as to communication being equal 
in two directions in stipulated terminal conditions, because in the case 
rf Chap. XIII. equal voltages are applied to the ends of the line, 
whereas owing to the effect of the resistance of the common battery 
circuit on the battery supply, the effect in sending and receiving is 
different in the present case ; and moreover the apparatus at the 
two ends is not alike, so that different voltages are apphed at the 
two ends of the circuit. 

Junction Circuits for Trunk TrajSc. — If the junction circuits 
are to be used for trunk traffic as well as local traffic they must be 
of such an efficiency as to provide for the more exacting requirement, 
i.e. long-distance commumcation, and this is a very common case in 
small exchanges. If there is one group of circuits set apart for 
incoming circuits and another for outgoing circuits, then all the long- 
distance work will be carried over the outgoing junctions ; and these 
must be of higher efficiency than the incoming junctions. 

285. TrammissiOD Losses. — Generally speaking such losses may 
be divided into line losses, apparatus losses and wiring losses in offices. 
It is a fundamental condition for finding the losses by calculation that 



may be assumed to be sufficiently long, formula for the calculations 
will be found in Chap. VII. The graphs of terminal losses and 
transition losses in Cnap. VII. and the present chapter furnish a 
large amount of information on this point. If calculations are 
required for short lines the data in Chap. VII. show how to calculate 
these results if Fig. 84, Chap. VII., does not apply. 

Losses due to Apparatus bridged across Lines, — If the line is long 
enough such losses may be calculated from (34), etc.. Chap. XIIL 
Such losses are practically the same at the sending and receiving 
ends of a Une. For lines of high impedance, however (heavily 
loaded lines) , it will be found that the losses due to bridged apparatus 
are greater at the centre of the line than at the ends, and may 
amount to double the loss at the ends ; they are greater in loaded 
than in unloaded lines. For low resistance circuits, i.e. for most 
unloaded lines the losses are greater at the ends than the middle. 
These facts are deduced from the study of the formulae in Chap. XIII. 
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Losses due to Transformers and Condensers in Series in Lines. — 
As a rule these losses are obtained experimentally. The losses due 
to condensers in unloaded lines are nearly the same at the ends and 
the centre. In heavily loaded Unes they are greater in the middle 
than at the ends of the circuit. 

Combined Losses due to Apparatus in Bridge and in Series in 
Transmission Lines. — It hAs been shown by Messrs. K. Ogawa and 
T. Arakawa, In their article on " Telephonic Transmission Losses," 
in the Telephone Engineer for December, 1917, that if the impedaaice 
of the apparatus in series is relatively so small and the impedance 
in bridge is so large that the apparatus loss is small compared with 
the attenuation loss in the lines, then the sum of the separate losses 
will represent with sufficient accuracy the combined loss. The 
authors referred to find that this rule is of very general application. 

Office Wiring. — Wires of a given gauge in silk and cotton cover- 
ing or in silk and wool covering wilTgenerally have a transmission 
loss about one and a half times that of wires of similar weight as 
given inTableII.,Chap. VIII. The average loss for a small exchange 
is 0'4 m.s.c. ; for a mediimi sized exchange 06 m.s.c. ; and for a 
large exchange i m.s.c. 

The following hst of transmission losses is in use in the Engineer- 
ing Department of the Post Office, The varying resistances given 
are, of course, for identification puiposes, and do not give a reliable 
clue to the transmission losses. It may be mentioned that the 
current circulating in electromagnetic apparatus may have a material 
effect on transmission losses. 

The following table gives the equivalents, in terms of standard 
cable, of various apparatus when joined up in shunt across telephone 
circuits :— 

TABLE I.' 
Transmission Equivalehts of Apparatus. 



Typt of ■ppantiH. 



„ loooat in series, with 3 mf . condenser 
Coil bridgii^. 6ootu 

„ 600 + 6oo(u 

Transformer 7 terminal, when used as bridging coil 
Cofl retardation, 6oo<ii . 

fndicators (tubular type), loooui 

Belays, loooiu 

Coils, repeating, 37A 

4«>5* 

Transformer No i 

„ 7 terminal 
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Tramsmission Eouivalkmts or Cokd Cincuns and Excbangb Apparatus. 



DlacnmNo. 


DacdpUoaoIdcealt. 


"SSS" 


TL 36 


Trunk Switch Section D Ctord Circuit . . . 




,. 60 


0-5 






0-3 


.. 559. Fig- » 


Circuit associated with Jack-ended Jnnctions 








0-5 


.. 561, Figs. I 


at Trunk^iUanges ....... 










Trunk Exchange Lamp Signalling Jack-ended 
Junction working, Cord Circnit tor . . . 








.. 362 . . 


Lamp StgnaUing Exchanges, Ringing Junctions, 






Terminal Equipment 




.- 565 . ■ 


Trunks terminated at Magneto Exchanges, 








I-o 



The following table of impedance of apparatus is taken from 
__r. A. J. Aldndge's "Applications of Telephone Transmission 
Calculations," read before the Institution of Electrical Engineers 



on May 30th, 1913. It relates to items extensively employed in 

the Post Office Telq)hone Service, and m^r b 

useful results from the formula in Chap. XIII. 



The following details of impedance are taken from the records 
of the Post Office Engineering Department : — 



Lewd on Sacoadnr. 
Obnm. 

Transfonner 4006A . . Soo) 



liueduux. 
Modwiu. Aogle. 

I I »45 /8°35; 

600I o'5 milliamp ] 756 //"gS' 
1000) (1139 1 9" 27' 



TelephoneforLocalLine,P.0. 1 
type I 

Telephone for Local Line, N.T. j 
Co. 's type ) 



(■3 milliamp \ 



The impedance was measured at z«/ = 5000. 

286, Tranamlsilon Reeords.- — Records under the following heads 
are desirable in every telephone area. A complete survey is not 
necessajry, but the information should be recorded and kept up-to- 
date. The information available should include in all cases the 
mileage, details of line conductois, and apparatus and wiring in 
exchanges, together with the highest standard cable value in any 
group of circuits. 

A convenient arrangement of details is as follows : — 

(i) Subscriber connected to each exchange (including private 
branch exchanges, etc.) sending and receiving allowances. 
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2) Local juBctions (incoming, outgoing, and combined). 

31 Trunk junctions. 

41 Cord losses and wiring losses at exchanges. 

51 Terminal losses. 

6j Trunk circuits. 

7) Losses due to apparatus in bridge or in series other than 
cord circuits, 

With this infonnation available it is possible to find the standard 
(Cable ef^uivalent of any combination of circuits having the greatest 
transmission loss in any direction by simple addition of the stanc^d 
cable values. 

The late National Telephone Co. made a targe number of trans- 
mission records of the areas in the United Kingdom, and did much 
valuable work in this connection. This information is still in exist- 
ence and is used by the officers of the Post Office. 

287. Use of the Hinnt Sign to denote Gain In Traumistton. — 
Cases may arise where a transmitter or receiver gives louder trans- 
mission than the standard apparatus on zero loop. By comparison 
with the standard apparatus this represents a relative transmission 
gain instead of a loss. Suppose that we have to deal with such a 
case. It is evident from the example dealt with that all the losses 
are added together to ascertain whether the combination comes 
within the standard allowance. So long as there are nothing but 
losses the question of prefixing the plus or minus sign to the figures 
does not enter into the matter, but if losses and gains come into the 
algebraic sum then we are called upon to decide whether the losses 
shall be called 4-. as was the frequent practice of the Post Office, or 
— , as was the practice of the National Telephone Co. In view of the 
fact that the National Telephone Co. had by far the largest number 
of local systems, and naturally also of records referring to them, it 
is clear tnat considerable confusion is avoided by keeping to the 
National Telephone Co.'s practice, so far as transmission schemes 
are concerned and in many other cases. 

2S8. Importanee of the Halntenanee of Transmluion Standards. 
— Before concluding this chapter attention is called to the import- 
ance of maintaining a standard of transmission when once it is laid 
down. The fixing of a standard involves the supposition that the 
cost of providing it has been fully considered on the one hand, and 
balanced against the benefits to the department and the public on 
the other hand, the conclusion being that the maintenance of the 
standard is in the best interests of all concerned ; and it should not 
therefore be departed from except for very serious reasons. If, for 
example, a reasonable standard were degraded the inevitable result 
would be complaints and loss of traffic and probably in the long run 
nothing would be gained. On the other nand, if conductors are 
provided giving better transmission than the transmission require- 
ments, unnecessary expense is involved. It must, however, be ad- 
mitted that cases may arise where the expense of bringing very 
unfavourably situated localities within the general standard would 
be prohibitive ; such cases should only form a small proportion of 
the whole if the standard is to be worthy of its name. 

A problem which frequently arises is as to whether for local 
convenience or some reason which in itself may be desirable, it is 
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pennissible to slightly reduce a standard of transmission between 
two given points. It can generally be shown that if the propcsed 
reduction (even half a mile of standard cable) had been pemussible 
much more economy could have been effected in using thinner 
conductors in the first instance than is likely to result from any 
present economy. Further, if any such small deterioration is allowea, 
it is not likely to be limited to one case, ajid the accumulation of such 
cases would have a very serious effect on the transmission of the 
country in the long run, 

(For examples on Telephonic Development, see Chap. XII,) 
Example i. — Find the terminal loss between a subscribers' C.B. 
circuit of 350 ohms resistance in lo-lb. cable and a long length of 
40 lbs. bronze. 

In this case it will be convenient to find the loss with sunilar 
apparatus to that described at both ends of a long length of 40 lbs. 
bronze circuit. The relative formula is No. (60), Chap. VII., or 



- * + il,Za + Zo J - * + * U38 / 12" 20' ^ 



i58r\37'45'-^ 



The impedance of 40 lbs. bronze is taken from Table II., 
Chap. VIII., and of the 2 miles subscribers' hne from records. The 
impedance taken in this case is that of a 10 lbs. line of 350 ohms, or a 
line 2 miles in length. Continuing the calculation, we nave 

A=^i + t(i-887V°5'+o-530 /5o''5') 

= J+i(i"2io— ;i-447 +0-340 +^0407) 
= i + i(i"55o -y 1-040) = i +0-3 87 -y 0-260 

= 0-887 —y 0-260 = 0-9243 \ 

This is the vector whose log, gives the required equivalent fit or 

log, 0-9243 = — 00787 
Expressing this in terms of miles of standard cable, we have 
-0-0787 



0-106 



-0742 



This is an apparent gain of nearly * m.s.c, but by comparison 
with the standard cable when connected to the standard instrument 
it is a loss. Since the latter, by Fig. 82, on a 4-mile length has a 
gain of 1-78 m.s.c. Theloss is therefore 178 — 07.12 = io38m,s,c. 

This is the loss at both ends of the 40 lbs. bronze line, the average 
loss in both directions (sending and receiving) for one end is 

1038 _ 



Example 2. — Find the transition loss between the standard cable 
and a 40 lbs. bronze circuit, both lines being assumed to be long. 
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By Table II., Chap. VIII., we obtained the required impedances 
whence A = } + 1(^ + ^) as in Example i, or 

A^t-^-il' ^SSlXiP ^'l 57l\43 °l6'\ 
V57»\43''i6' I58i\37° 45''' 

and proceeding as in Example i we 6nd that -^^ = 2'3- 

As before the loss for one end of the line is half or — ^ = I'lS m.s.c. 
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CHAPTER XII 

SOME COST PROBLEMS IN TELEPHONIC TRANSMISSION 

289. The HInlmnm Cost ol a Loaded Underground Cable, Ineludlng 
Colls, tor a Elven Tranimiiiion Bffleleney or Bqnated Length. — State- 
ment of the Problem. — -The cost of a long underground cable may 
amount to a sum in &ve figures expressed in pounds sterling. 
Assume that the circuits in tne cable are required to have some 
known attenuation constant. It is known that this constant may 
be obtained by means of conductors of very different weight per 
mile, when combined with suitable values of inductance ; thus if 
a cable with an attenuation constant of 0016 is required, this 
could be provided by stock types of cable conductors consisting 
of 40 lbs., 70 lbs., or 100 lbs. per mile, combined with standard 
loading coils providing 210, 52, and 24 milUbenrys per mile re- 
spectively, but the relative cost of coils and cable and the total 
£05t of a cable pair loaded with the necessary inductance per mile 
would be very different in the three cases. An important factor in 
the choice to be made is the relative price of the cable pairs and 
loading coUs. There is some combination of cost of a cable pair 
and its loading which constitutes a minimum. It may happen that 
a study of costs based on the available stock items alone gives a 
price far from the minimum, and it, is evidently desirable to know 
the extent of the difference, so as to determine whether any large 
saviiig would justify a new stock item, especially if a similar 
requirement were likely to recur. 

By means of the following formula, due to the author, a price 
P is obtained for any combination of conductor resistance and 
inductance per mile, which will rive the required attenuation 
constant. The constants A, B, andCi, as defined hereafter, must 
be known, and from them X2 is founa. Both the required resist- 
ance Rg and inductance Lj are functions of x^, and they can be 
readily obtained from it. 

The proof involves considerations of some complexity ; but the 
application of the formula is not difficult, as shown by the example 
at the end of the chapter. In view of the high cost and pos^ble 
economy to be obtained by studies of this kind, they are of course 
highly desirable. The formula is 

^-t"^^^^)^m • ■ ■ « 

All the symbols in the equation relate to one mile of cable 
conductor pair. The resistance R and inductance L of one pair. 
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and the resistance R^ and inductance L^ of a second pair, referred 
to hereafter, are resistances and inductances which give in every 
case the same fi. 

P = the comtnned cost of one cable pair and its loading. 
A = RPi, where R is the re^tance of a known and selected 
conductor pjur and Pi its cost. 

B =*/^Pg, where x = ~. Lm is the maximum possible loading 

of the conductor of resistance R, and L is the necessary 
loading which, combined with R, gives p. Pj is the total 
cost per mile of providing L, and includes coils and manholes. 

Ci=E(x + 2+^ = RJxt + 2+^\ Here Xt='^. which is 

the maximum loading Lms for Rg divided by an inductance 
Lg, which inductance, when associated with Rg in a cable 
pair, gives the required fi. Rg and L2 are the nnknown 
values to be found from x^ from equation (i). 
Xf is defined under Ci. 

240. Proof ol Equation (1).— (d) The relaUon between the in- 
ductance per mile and the distance apart and cost of the coils. — From 
(17), Chapter IX., 



If L is the inductance per mile of a cable pair, neglecting its 
small natural inductance, we have • 

^'=L or U = LD .... (3) 

Insert this v^ue of L« in (2) and we obtain 

CLDS = 25 or LDa = ^ and VLD =^g . (4) 

It is assumed in this case that C is a constant and therefore the 



If L in such a case is multipUed and divided by a, (4) becomes 

From this it is evident that if I, is increased a times the distance 
D between the coils is reduced ■\/a times, since \/ 7^ is constant. 

Example. — (a) If the inductance per mile L is quadrupled, the 
distance between the coils must be halved if nothing else changes. 
It follows that the price in this case is doubled, since the number 
of loading coils and loading points is doubled. 



^.y Google 



COST PROBLEMS IN TELEPHONIC TRANSMISSION 299 

It follows from (4) that the cost of loading varies as the square 
root of the inductance per mile. 
Now hv {4), Chap. IX., 

r - R 

L, ^C 
and as shown in the definition of B 

a; = -f^ or L = — ■ 



(6) 



and therefore by (6) —= = . - " if 



(!!% 



^'V(!F1>=^^- 



Sitnilaily for any other conductor Rj, with a maximum in- 
ductance L«£, we have 



Dividing (7) by (8) we have 



The relation of cost ^, where Ps is the cost of Lj, follows from 
the fact that the price varies as the square root of the inductance. 
Since P^, the price of L, is by supposition already known, then 
from {9} 

CostpermileofL2 = p8 = Ps^^=X J • • • (10) 
but ^a/r = ^ ^^ therefore Pg = ^\/^ • ■ (^^) 

(A) Cost of a Pair of Conductors in an Underground Cable.— The 
prices of the copper conductors, whose resistances are R and Rj, 
are assumed to vary inversely as their resistances. If R is the 
resistance per mile loop of a cable pair which costs ^fPj per mile, 

then the cost per mile of the cable pair of resistance Rj is p"^i' 

In a cable made up of pairs all of the same weight, this price is here 
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taken as the total cost of the cable divided by the number of paiis 
in it. If the price of Rj is called P4, then 

where W and Wg are the weights per mile of copper in the con- 
ductor of resistance R and Rj respectively. 

(c) The Relation between R, L, and x, and R%, L^, and x^. — From 
App. VII. we have 

R^a: + 2+|) = Rs(*, + 2+^^) . . (13) 

where « s= ^ and jcj = =yS*- From this it is seen that L is a 
function of x, and from (13} we have 

from the definition of C^ already given. 

(^ Formation of Equation for the Total Price of a Loaded Cable 
Pair. — ^The total price, P, of a loaded cable pair of resistance Rg 
and inductance L> having a fixed attenuation p, is the sum of 
P( and P4, and by (11) ajid {12) this is 

P = ^ + B*/|-« .... (15) 

but by definition RPi = A, and from (14) Rg= 1 

xt + 2+l 

Xz 

Substituting these values of RPi and Ra in (15) we obtain 



We have in (16) an equation with only one unknown quantity, 
*j. By means of this equation the minimum cost of a cable pair 
in combination with loading coils giving a fixed attenuation constant 
j8i may be found in two ways : — 

(1) By means of a grapn showing the relation between «• and 
the total cost P, as shown in Fig. 155 (see Example i). From 
this curve the minimum price P, and the corresponding value 
of iCa, are found, and Rj and Lg then deduced from (14) and (8). 

Digitizecy Google 



-ti^ 



(17) 



COST PROBLEMS IN TELEPHONIC TRANSMISSION 301 

(2) By differentiating (t6) and finding the mininum value of 
«2. iuid tnen substituting tnis value of Xj in (16). 

Using method {2) we have by differentiation of (16) 

bVc, 



-lir 



For a maximum 

c-.(-9) = ,l^. <-) 

(^-.7)<" + '>' = ^¥S • ■ • i^9) 
This gives a minimum value. 

From this equation Xg can be found when the value of ■ "^X 
has been computed from known constants. In order to facilitate 
the solution of (19) the value of (i —^A[xz + 1)'' has been com- 
puted for all values of x^ between i and 10. The relation is shown 
by Fig. 154, 

{e} Consideraiions affecting the PkatUom Circuit. — When the 
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weight of conductor of the side circuit and the spacing distance of 
that circuit are fixed, there Is only a limited choice as to the re- 
sulting efficiency of the phantom circuit. In such a case all that 
can be done to obtain the best result is to consider the efficiency 
of the loading coil to be used in relation to its cost, and to load as 
heavily as the distance apart of the manholes permits, having due 
regard to the spacing rule (C.D.L* = 25 in this^case). It appears at 
first sight as tbougn the transmission efficiency of the phantom 
circuit would be materially greater if heavy ^uge conductors are 
used as compared with the results obtained with lighter ones. 
This, however, does not necessarily follow imless we have freedom 
of choice as to the spacing distance apart of the manholes, and 
such is usually not the case. The eSect on the phantom circuit 
of a ^ven loading of the side circuit should, however, be carefully 
considered. If fml advantage is taken of the spacing rule to place 
coils in manholes as wide apart as prosible, it will be found that 
in air-space underground cables side circuits require closer spacing 
than phantom circuits to produce the same attenuation constant. 
As a matter of fact, the phantom circuits in the London-Liverpool 
cable (see Chap. IX.) are about 15 per cent, more efficient for 
transmission with the same spacing distance than the side circuits 
on which they are superimposed. The figures given are, however, 
by no means rigid, and the improvement of 15 per cent, may be 
exceeded. If, therefore, the side circuit is designed for a given 
efficiency, we know that thephantom circuit will, generally speak- 
ing, be somewhat better. Tne method here adopted is therefore 
to aim at a definite efficiency for the side circuit without specifically 
mentioning in the calculation the efficiency of the phantom circuit. 
The full cost of loading that circuit is, however, taken into account, 
and the efficiency of the phantom circuit is largely determined by 
the loading distance of the side circuit (see para. 230). 

(/) Note on the Assumptions made as to Costs 0/ Coils and Con- 
ductors — Loading Coils. — -If the loaded circuits are all of the same 
gauge and are not phantomed the matter is relatively simple, and 
the cost follows the rule given without qualification. If, however, 
the circuits are all superimposed, then, as a general rule, these 
circuits have not the same inductance as the side circuits, if they 
are calculated for the same efficiency. For costing purposes we 
have to consider that, as a rule, only one set of manholes will be 
used, and that it is the coils which require the closest spacing 
which fix the cost. When the sjpacing distance is fixed, the plan 
here adopted is to assume a certain necessary cost for laying the 
cable in the absence of the coils, and to add to this the cost of the 
coils and any extra charges, such as manholes for the coils and 
chaises for tneir installation. These added items are included in 
the cost of loading. When once the cost for providing, accom- 
modating, and fixing one loading point is calculated, the cost per 
circuit per manhole IS this cost divided by the number of coils at 
one pomt. If the circuits are phantomed tne cost taken is that for 
a phantom unit or three circuits. Knowing the number of loading 
points and the length of the cable, the cost per mile is then easily 
found. It is assumed that the cost of laymg the cable will be 
the same whatever gauge of conductor is selected. 
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Conductors. — The supposition that the cable space reqiiired is 
approximately in proportion to the relative weight of me con- 
ductors is based on the practice of the British Post Office, and the 
thickness of the lead sheath is also taken as being approximately 
a simple function of the diameter of the core for sufficiently larce 
cables. For a capacity of 0065 mf. per mile wire to wire, the 
spaces allowed per pair for multiple twin conductors suitable for 
superimposing (20 lbs. per mile and over) are given in paia. 153, 
Chap. V7II. 

241. The Hlnlmum Cost of a Composite Loaded Undergroand 
Cable, InelndlnK Phantom Colls, the Cable havtsg a Given Len^h 
and a Fixed Equated Length. — If a loaded cable contains two or 
more types of conductors the use of one set of loading points for 
all types of conductors simplifies the maintenance of the cable 
and permits of considerable economy in the construction of man- 
holes for the coUs, even when the ideal loading points for the 
different types of conductors employed are not tEe same. The 
calculation of the minimimi cost is, however, more complicated 
in the case where only one set of loading points is available. If 
each set of conductors of different types were unrestricted as 
r^ards loading points, the method of calculation explained in 

fiaxa.. 240 could, in fact, be employed. It may be remarked 
hat the restriction of loading points, which follows from the fact 
that if we are confined to one set of manholes we can only make the 
theoretically best arrangement for one type of conductor, renders 
it impossible to obtain the minimum theoretical cost for more 
than one set of circuits in the same cable at one time ; and, more- 
over, it does not follow that this minimum, when taken in con- 
nection with the costs for the other types of conductor in the 
same cable, will give the best total value. 

The minimiun cost for a cable containing two types of con- 
ductors, both fully loaded for phantom working, will now be 
considered, but the principle outlined will apply to a larger number 
of circuit types with only one set of loading points. The following 
is a method of finding the minimum cost ; — 

(a) Find the required attenuation constants, as explained in 
Example i, and then find the values of A, B, and Ci. The following 
notes may be of assistance in calculating A and B. The value 01 
Cj apparently presents no difficulty. 'iTie cost of a pair in this 
case may be determined as follows, oearing in mind the limitations 
as to accuracy already laid down. Let the weight of one mile of 
single wire of one type be called a and the weight of a mile of the 
other type be called b, also let the total weight of a length of 
one mile of all the combined conductors in the cable be called c ; 
and, finally, let the total price of one mile of the cable be called a 
pounds sterling. Then the price per mile of two pairs required 
for a phantom unit is 

Cost of two pairs of type a =5^1 

L (20) 

Cost of two pairs of type b — ^ — I 

The resistance of the selected conductor pair per mile multiplied 
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by twice the cost of a pair per mile gives the required constant 



A in each case. If the same coil is used for each type of side circuit 
and if the coils to be used for the two types of phantom circuit are 
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alike, then the cost for loading will be alike for both types of 
circuits. In any case, the cost per mile for loading at some given 
spacing distance must be known for each loading unit macfe up 
01 two sides and one phantom circuit. When these data are 
known, B can be calculated as in Example i. 



Sw 



(6) After finding A, B, Ci, and x^, construct gr^hs similar to 
Figs. 155 and 156. 

(c) Next construct two curves on one and the same graph 
showmg the relation between the price per loaded pair multipUed 
by the number of pairs of each type, and the inductance 01 the 
pairs of that type corresponding to the price P and P«. Thus, if 
(here are n paus of one type and m pairs of the other type, and 
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the price of one pair is P as deteimined by equation (i), and the 
price of the other type is P» as determinea also by equation (j), 
then the total price of all conductors of the one type is nP and 
of the other type mP,, The corresponding inductance of a pair 
whose price is P or P. is found from graphs such as Figs. 155 and 
156, which are supposed to be available, and Lg is then plotted 
against the price «P, and on the same graph another curve con- 
necting Lg and »P« is constructed. 

(i^ Find the least sum of the ordinates of these two curves 
for any one given value of Lj ; this is the minimum cost of the 
cable. 

To prove that the minimum cost of the cable is obtained with 
circuits of different types having the same inductance L^, where 
this is possible, and when only one set of loading points is used, 
we have, by paras. 239 and 240, 



Ci = Ri(%-l-2+^J 



It is evident from this equation that as %£ is made smaller (and 
consequently L^ is increased) Rg is increased (see [14)), and there- 
fore the weight and cost of the conductor are reduced. Now, if 
any selection whatever of two values of inductance for the two 
sets of circuits is made from the graph for the loading of the two 
types of conductors in question, and one value of L, is higher than 
the other, this fixes the loading point, which must be that for the 
hitler inductance in order that both circuits loaded by these 
inductances fulfil the spacing rule (17), Chap. IX. Now, by 
hypothesis the circuit having the lower inductance must be 
fixed at the same point as the other, since there is only one set of 
manholes, and therefore its inductance may be increased without 
cost until it is equal to the other. It then follows, as pointed out 
in connection with the preceding equation, that the conductor 
resistance must be increased to keep the attenuation constant of 
the same value as it was before L was increased, unless we have 
maximum loading. The circuit as now constituted will, in fact, 
be the cheapest possible, since the weight of copper is reduced to 
a minimum and the cost of loading cannot be turther reduced or 
altered. It follows that the combination of two circuits which 
have the same inductance, and at the same time indicate the 
miniraura sum of the prices io the curve, cannot be further reduced 
in price, and therefore give the required minimum cost. 

The phantom circuit attenuation constant should be taken 
into account in making a final choice. The importance to be 
attached to it depends largely upon the requirements of the service 
for which it is provided and tne cost of the coils. 

In preparing the curve, A, B, and Cj can be varied in the case 
of larger and smaller conductors if greater accuracy is required. 

242. [a] For a fired attenuation len^h (j82) in aerial line tele- 
phonle transmission, a conductor of uniform K*uge thro U{ hoot 
neeessitates the least weight of copper, (b) If any section of the 
line has a different velKhl per mile as compared with the other 
seetion, the total combined copper weight will always be less the 
nearer the copper weights per mile are to equality. — ^As regards 



itizecy Google 



COST PROBLEMS IN TELEPHONIC TRANSMISSION 307 

(a), strictly speaking this proof applies to copper conductors oi 
200 lbs. per mile and upwards, but there is omy a small error in 
assuming that all copper conductors used for aerial line telephony 
in Great Britain obey the law {the least gauge used is 100 lbs. per 
mile per wire). 

Let it be assumed that formula (47}, Chap. VIII., applies to 
any imiform aerial conductor of resistance R, length /, ana weight 
W per mile. This will be sufficiently correct for our object, with 
the limitations stipulated in the last paragraph. 

Next let it be assumed that the same total attenuation as 
given by the conductor R of length / can be obtained by means 
of two difierent lengths /i and Ig (where li+lz^l) of conductors 
having resistances Rj and Rg and weights per mile per wire Wi 
and Wj respectively, one of these conductors being necessarily 
heavier and the other lighter than the conductor, whose weight is 
W lbs. per mile. It is assumed that the inductance, capacity and 
leakance are equal in all cases. The sum of the attenuation 
constants multiplied by the respective let^hs in such a case is 
therefore assumed to be as follows ; — 



— ; — Vl= — a — Vz+ — ; — vl 



^i M 

Eliminating the common factor J\/j- ^"d multiplying by the 
various lengths we have 

R^+gu = R,/,-+gUi+RBi8+gUa 

or R/ -R:/i - Rg/a =|l/] +^U^-^U 

that is R/ - Rth - Rg/j = ^ L(;i +1^-^ 

and since /j + /j = / we have 

Rl - Rjli - Rj/j = o ■ 
or Rl = Riii + Rg^a (22) 

When these relations hold, the attenuation length ^ of the circuit 
of resistance R and length / is equal to the combined attenuation 
lengths of the circuits having the resistances R^^i, and R^t ; 
but the combined weight of the latter conductors may be very 
difierent to that of Ri. This may be verified by the following 
foimulce : — 

By (2), Chap. VIII., the weight varies inversely as the re- 
sistance, and if A be a constant, the following relations are evident. 
We have 



W 
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If ^ be multiplied by l, and ^ be multiplied by It. the total weight 
Ws becomes 

w,=^+^ ^^-^^ 

To obtain the most economical circuit for a fixed transmission 
value in this case, the sum oi ^+^ must have a minimum 

value, whilst at the same time the sum of Rih + ^^s i" equation 
(22) remains constant. This may be brought about as follows. 

If in equation (22) Ri/i is increased by a value x so that x k 
uniformly distributed over the conductor R, for the whole length 
li, then, in order that the total value of the equation may remain 
constant, R^^ must be decreased by the amount x equally dis- 
tributed over 7). In that case (22} becomes 

iy = (Ri/i+i}+(R8?s-») ■ • ■ (25) 
{24) then becomes 

w. — iiL.+-tk.. . . . m 

{X is divided by /i and l^ to reduce it to a value per mile.) 

The iniiumum value of this expression, when Wj is differentiated 
with respect to x, is obtained as follows: — 

iW,_ All' , M,' 

Tf- (R,i, + »)i + (RA-.)' 



For a maximum or minimum value v 



I,' 



whence l = SMLi^ (27) 



(Rl/,+,)«-(R^,-«)« """"/, -EST 
If a: be written r./, = rj/j, where r, and r^ are the respective 
resistances added to Ri and subtracted from Rs, (27) then becomes 

whence Ri + rj = Re — r^ {28) 

Now Rj + ri is the adjusted resbtance of Ri, and Rj — rg is the 
adjusted resistance of Kg, and when finally adjusted they are 
equal and uniform, as shown by (28), which proves the proposition 
so far as the uniformity of the conductors is concerned. 

A simple appUcation of (22) is of interest. Suppose that 

li = /g, then, since 1^+1^= I, both /^ and /g become - . Formula 

■ {22) then becomes 



2 
These are values per unit length, in this case per mile. 



(29) 
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It follows from the operations leading to {22} that if the attenua- 
tion constants of the circuits R, R|, and Rg are substituted in 
formula (29) for the corresponding resistances thev will have the 
same relation to each other as the resistances ; thus if R is the 
resistance of a 300 lbs. circuit, R, that of a 600 lbs. circuit, and 
Rgtbat of a 200 lbs, circuit, we nave by Table II., Chap, VIII., 
R = 587, Ri= 293, Rg= 8-8o, and {29) becomes by substitution of 
these values 5-87 = ^ - ^^ 7" ' which is easily seen to be correct. 

The corresponding attenuation constants by the same table are, 
for 300 lbs. Cu 000488, for 600 lbs, Cu 0'002^q, and for 200 lbs. 
^ .- ^^ :^. ___._.. ^_..,__ ._^jj^i^ , . 

000488 = "''^^79 + o-«>69 . . . (30) 

This is very neariy correct, as the actual figure obtained from the 
right-hand side of (30) is o-oo485. The largest error in the use of 
the formula is when dealing with the smaller gauges in the aerial 
hne table referred to. For example, taking the data of 300 lbs. 
copper and 100 lbs. copper conductors to find the attenuation 
constant of a 150 lbs. copper circuit, it will be found that the 
error is a Httle less than 3 per cent. ; for the heavier conductor 
circuits it is much less. 

(6) This may be easily proved as follows for the case where 
/( ^ is as given by equation (29). If the resistances Rj and Kg are 
varied so that R, increases to Ri -f- »" and Rg decreases to Rj — r, 
the total value of (29) is unaltered, but the corresponding weight 
of copper is then by modification of (23), if W* is wntten for 

w.=(Wi+w.)=-Rr+-,+R^- ■ (31) 

or W. -'4— jR7 + ^R^-,)-i -R,R, +r(a, -R, -,) to) 

Assmne that the only variable is r, then the only part of (33) 
containing the variable is rlRt — Ri —r)- As this quantity is m 
the denominator of (33), the weight W4 will be a mmimum when 
it, the variable part, is a maximum. Differentiate the variable 
part of (33), thus 

y = r(Rt-Ri-r) (34) 

| = R,-Rx-2r'. .... (35) 

For a maximum or minimum value we have 



2f = Rs-R. orr-?i^ . . (36) 
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If, however, (35) is difierentiated it gives ^ = — 2, which is a 

negative value, and therefore it leads to a maximum value. It 
follows that when this condition is attained the weight equation (33) 
will have a minimum value. We are now in a position to prove (0). 
To do this, fiist express y in tenns of its maximtmi value by 
substituting the value of r from (36) in (34), thus 

,(R,_R,_,)=R?z^|R,_R,_£Ri=Ri)^R«=Riy=rs (37) 

Next substitute the value of Rj — Ri in {34) by its equivalent zc 
from (36), and write (34) as follows : — 

fi(Rg~Ri-ri)=fi(2r-fi)=ziTi-fiS . (38) 

Now j|37), as already proved, is the maximum value of (34), 
and (38) is a variable expression for all other values of (34}. Smce 
i-i is the only variable, subtract {38) from (37) and we obtain 

f8-2Wi+r,s = {f-»-i)'. . . . (39) 
This equation shows at a glance the difieience between the majdmum 
value of (34) (which determines the minimum weight in (33)) and 
any other value of (34) ; the greater the difference the greater will 
be (33), the total weight of tne wire ; this proves (6) for wires of 
equal length. The same facts may be proved by the graphical 
method. 

Messrs. A. B. Hart and W, J. Hilyer proved in their paper on 
Transmission Schemes, which is referred to later in this chapter, 
that the foregoing law holds as regards small gauge cable circuits, 
in which case the attenuation constant is 

It will therefore be seen that the law which states that a uniform 
gauge of circuit for a given attenuation length involves the minimum 
weight of copper is of wide application, and it is scarcely necessary 
to add that it is of the highest importance that it should be observed 
wherever possible. 

248. Cost Carves for Loeal Telephone Systems — Notes on the 
Costs of Telephone Systems. — Reference is made in para. 234, Chap. 
XI., to the frequently recurring problem in transmission which 
presents itself when provision is made for connecting a group of 
circuits of a given number and of known lengths with another 
group of a different number and length. As an example we will 
consider the problem of connecting a large number of subscribers' 
cirouits in a given local area with a given number of junction 
circuits of known length, the transmission not to exceed the limits 
of a definite known standard ; say, for example, 10 miles of 
standard cable when utilizing the standard instruments (Fig, 135, 
Chap. XI.), The problem consists in finding a method of ensuring 
that the standard shall never be exceeded and ai a minimum cost. 
Suppose, as a starting point, that the longest subscribers' circuit 
is assumed to be provided by means of 20 lbs. cable, and that the 
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junction circuits are so provided as to then give the required 
standard. It is evident that all subscribers* Imes of materially 
less length than the longest one could be provided by means of 
thinner copper than zo lbs. cable. Again, if the junction circuits 
were more efficient than just supposed, the gauge of the 20 lbs. 
longest subscribers' circuit could oe reduced and all the others 
reduced proportionately. The problem then resolves itself into 
distributing the copper among the subscribers' and junction circuits 
in such a way as to fulfil the standard conditions at a minimum 
cost. 

So far as large exchange areas are concerned in this country, 
the degree of development is such that it is hardly likely that the 
problem of providing an entirely new network on a very larce 
scale— say for 10,000 subscribers — will present itself. The 
problem, however, frequently presents itself for solution for smaller 
areas and for opening new exchanges and providing for extensions 
of existing ones. The principle is always the same, and the method 
here adopted is of general application. The first solution to be 
consider«i is a graphical one. 

Suppose that a preliminary' survey has been made, as described 
in Chap. XL, and that the position of the exchanges, with the 
number and length and route of the lines, is known. The cost of 
providing the subscribers' lines to a given standard of transmission 
may be arrived at as follows. First construct a graph, such as 
Fig. 157, to show the percentage of all the subscribers lines con- 
nected to the given exchange, which are not longer than some 
specified length. This length is given for all lengths of subscribers' 
hues up to 2 miles radius m the supposed case, and it is assiuned 
that 99 per cent, of the subscribers are included in it. Thus 7o 
per cent, of the subscribers have lines not longer than 075 mile, 
and 10 per cent, are not more than 015 mile in length. 

Fig. ig8 gives the aggregate length of all the hues connected 
to the exchange, which are not longer than some length stated in 
the abscissa of the graph. This curve is based on the preceding 
one and is calculated from it, but it could be made up from available 
figures in an actual case. For example, the graph shows that 
3,230 miles of circuit in the aggregate is the length of all the hues 
not more than one mile in length, and 260 miles is the total length 
of all lines not more than 02$ mile in length. 

Applications 0/ the Curves. — We will assume that it is required 
to find the best distribution of copper among the 10,000 subscribers 
in a common battery system and an appropnate number of junction 
circuits of known length connected to known exchanges. As a 
result of past experience assume to begin with that 6J lbs. and 
10 lbs. cables will De used, and that the resistance of the subscribers' 
lines will not exceed 350 ohms on a standard common battery 
system. The 6i lbs. cables are to be used wherever possible, and 
the 10 lbs. cables where absolutely necessary. Theoretically a 
weight of copper less than 6i lbs. per mile could evidently be used 
for the very short lines, but no such cable is at present available. 
From the graphs we know the number of subscribers and the 
lengths of their lines at any point, and these may be localized if 
required from the available maps to definite cable routes. From 
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these data an average price per mile of subscribers' circuit may 
be found, based on previous departmental experience in similar 
areas. Seeing that the number of circuits at every distance is 
known, it will be possible to find approximately the cost of distri- 

100 
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i 

3 60 



0-25 0-5 0-75 I 125 I'S 1-75 2 

LENGTH OF SUBSCRIBERS LINE - MILES. 

Fig. 157. — Graph showing what percentage of the Subscribers connected 
to a given Tekphone Exchange have Circuits which do not exceed a Given 

bution from the cable ends and of leading in to the subscribere' 
offices and providing apparatus. 

The transmission efficiency absorbed by the most unfavourable 
subscribers' circuit can be found, and the wiring and cord losses 
in all the exchanges affected arrived at, as the details are supposed 
to be known. These separate amounts for the worst connection 
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in the area must next be totalled, and this amount deducted from 
the permissible total allowance or standard, i.e. 10 miles of standard 



0-ZS 0-5 0-75 I I-Z5 IS I- 

t-ENGTH OF SUBSCRIBERS LINE-MILES. 
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cable and the standard instruments, or 217 miles of standard 
cableonzeroloopstandard (10 m.s.c. standard 4- io'2 miles standard 
cable for the sending allowance + 13 m.s.c. for the receiving allow- 
ance]. The difference so arrived at is available for the lonction 
circuits, and it fixes the type of circuit which must be utilized for 
them within definite limits, and therefore regulates their cost. 

Now, if we have freedom of choice as to the amount of resist- 
ance which may be allowed for the subscribers' circuits, then so 
long as the total permissible transmission equivalent is not ex- 
ceeded we may assume that some other resistance is allowed as a 
maximum instead of 350 ohms — say, for example, 300 ohms. 
Acting as before and sdecting cables of such a weight as to give 
the required resistance only, it will naturally be found that the 
weight of conductor used in the subscribers' circuits is, greater 
than before, and the cost of the subscribers' circuits greater. The 
cost of the junction circuits will, however, be smaller, in view of 
the fact that the subscribers' 300 ohms circuits will be more efficient 
than in the previous case, and therefore a larger standard cable 
equivalent wil] be available for the junction circuits, which may 
therefore be of smaller gauge. It can now be seen whether the 
sum of the cost of the subscribers' and junction circuits is greater 
in the former or the latter case. Froceeai(ig in this way with other 
maxima for subscribers' circuit resistances, the cheapest combined 
cost may be found. The more extensive and complicated the 
junction scheme, the more it becomes economical to reduce the 
resistance of the subscribers' circuits, and vice versa. The sub- 
scribers' circuits are, however, also required for trunk communica- 
tion, and the cost of providing this with various resistances in the 
subscribers' lines must be borne in mind. In the particular instance 
we have in view, the lo-mile standard aimed at allows for trunk 
communication . 

Such studies involve a considerable amount of work, but, on 
the other hand, the cost of providing the system is very great. 
A solution for such a case can m some cases be found by an applica- 
tion of the calculus, as shown later ; but it must again be borne 
in mind that a graphical method shows at a glance what is involved 
in departing from the minimum cost, which is a great advantage 
in many cases. With the calculus method only the minimum 
point is known, and many approximations are necessary in cases 
of this kind. It is, however, frequently convenient and sufficient 
in the case of preliminary estimates to utilize a formula to deter- 
mine the minimum cost. 

244. Hlnlmnm Cost Formnlfe. — The following formula has been 
devised to determine the minimum cost in cases where the trans- 
mission law assumed in the formulae holds good. This foimula 
and formula (59) which follows it, were developed and given by 
Messrs. A. B. Hart and W. J. Haver of the Engineer-in-Chiefs 
Office, Post Office, in a paper read on March loth, 1913, before 
the Institute of Post Office Engineers, and entitled, " Trunk Tele- 
phone Communication Transmission Schemes and the Design of 
Circuits." See the Electrician, April nth, 1913^ The formula 
can be applied ,to any two groups of circuits. For example, in 
Pig' 159, If a total standard cable equivalent E is permissible for 
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communication between i and 3, and there are N circuits L miles 
long between i and 2, and n circuits I miles long between 2 and 3, 
the formula (No, (49)) gives the minimum cost for the necessary 
combined circuits between i and 3, Exchange No. i may be a 
zone centre or any Other exchange ; Exchange No. z may be a 
junction centre or any other exchange ; and Isfo. 3 may be an ex- 
change or a subscribers' station, ft will be convenient for our 
purpose to prove the formula for the latter case. 

Let L = length of a junction circuit. 
,. /= ,, ,, subscribers' circuit. 
,, N = number of junction circuits. 
.. M = •. >i subscribers' circuits. 
„ E=the equated length (m.3.c.) allowed for the junction 

circuit and subscribers' circuit combined. 
„ x^ = the weight of Cu in a subscribers' line i mile in length, 
„ y^ = „ „ „ junction circuit 



oy- <!> — : — © 

— ^ N Circuits L Miles ih lEttera^-^ n Circuits I Mius in lemsth^-^ 
Fio. 159. 

Th e form ula for p for a light gauge underground cable is 
fi = VPCR by {57), Chap. VIII. If a. = 5000 and C = 0054 mf., 
this becomes 

jS = o-oii6'v/R per mile loop . . (40) 

But R = -tp2 per conductor pair, where W is the weight of wire 
per mile per wire. (See (15), Chap. VTII.) 

.-. ^ = oo„6v^ip=°^ . . . (41) 

Therefore the standard cable equivalent of i mile of cable circuit of 
weight W is equal to 

O-^X^ (4^) 

From the above definitions we have the total weight of copper Wi 

Wi=NLy'+nit= (43) 

Seeing that W = ** for i mile of subscribers' lines and W =y^ 
for t mile of junction circuit, (42) may be modified and written 

.^ (- + -J, and for the total lengths of circuit L and/ 

c. 0481 f'L , l\ „^ 0-I06E L , / ,„, 
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In this case _ a — is a constant which we will call K, 
Then (43) becomes K=t + i. . . ^ (^5) 

By simplifying this we obtain Lx + fy = Kxy or ty = x(Ky — L) ; 
whence '=^^- ■ ■ • • ■ {46) 

Substituting this value of x in (43) we obtain 

W.=NLK.+^(,g^)' . . . (4;) 

Next differentiate (47) with respect toy. We then have 

-.NL:v + .-|^^ (48) - 

For a maximum or minimum value this is equal to zero. Simpli- 
fying (48) we obtain 

. y,,_ iVll+(LxVN) 



-^^^4^1 



and 5.!_^ Vj2 j (45) 

We obtain by tliis equation the minimum value of y. 

Since N, n, I, and K are known, the values of the weight per 
mile of the copper in the junction circuits y^ is first obtained from 
(40), and the weight thus found will give the required standard 
cable equivalent with the minimum weight of copper. The weight 
of the subscribers' circuit for niiniraum copper can now be obtained 
by (46). Note that W^ is known from (4^. 

If it is desired to use loaded conductors, we have by {41) 

P = -j^ , and as j9 is known it is possible to select loaded con- 
ductors which give the required j8. For any other value of capacity 
with the same value of p we have 

VfXR^v'i^XlRi or ^l^^=;y/l<-Ci X^ 
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If W is the weight of copper per mile per circuit required in 
connection with 0'054, mf., and Wj the weight required for the 
new capacity C^ mf., this becomes 

«''=»-%* (5°) 

In connection with the value E, the standard cable equivalent 
of any cord and wiring losses in the of&ces concerned in the total 
connection should not oe included. The value £ is the estimated 
standard cable equivalent of the junction line and the equivalent 
of the subscribers' circuit. The latter, however, includes the 
standard cord circuit, as explained in Chap. XI. 

Minimum Cost Formula for Aerial Lines of Small Gauge. — The 

froblem presented by the cases explained in connection with 
ig. 159 occurs also when the lines to be dealt with are aerial circuits. 
' In view of the fact that the formula for the attenuation constant 
of such circuits is materially different from that for small cable 
conductors, the development of the formula for minimum cost 
of aerial lines is materially different from that just dealt with. 

In the case of aerial wires of small gauge, if a curve be plotted 
showing the relationship between weight and standard cable 
efficiency it will be found to obey the law 



(51) 



where E is the equated length for a mile loop of conductor the 
sin^e wire weight of which is W. 

Let an efficiency expressed as S standard miles be required between 
Exchanges i and 3 in Fig. 159. Exchange i is here supposed to 
be a zone centre and Exchange 2 a junction centre, then 

LE+te=S (32) 

L and / being the respective circuit lengths and e the equated 
length of I mile of the junction -circuit between 2 and 3 in Fig. 159. 
If the price of pole space for a pair is taken to be constant for sxatul 
gauge circuits — say, P pounds sterling per mUe of loop — and x 
IS the price of copper per ton, we have 

2,(NL^±2^ + P(NL+«0=cost=C . (53) 

W is the weight per mile of a sin^e wire between i and 2, Fig. 159, 
and w the corresponding weight per mile of a single wire between 
2 and 3. 

Fmin(5i) "" Hi)"' ~^. («' 

and "-^ (55) 

Substituting tiiese values in (33) we obtain 



C — 



2240 



7-i2(|fe + i^) + I'(NI-+"fl • (56) 
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and since f = ^ — from (53) .... (57) 

wehave C =j||-„ X 7-.<|^ + p-S*|jj^,) + P(NL +,/) (58) 

Di^erentiating C with respect to E we obtain 

^ = -?*- X ri2(- i-22NLE-»" - i-22M^-'«{S - LE)--" X - L) 
dE 3240 ' ^ \ I I 

For a maximum or minimum value this becomes zero, 

.-. NLE->" = m/'-"L{S-LE)-«" 



irs ">■»"" =(5^)" 



N 

ira~(S-LE)<< 



■•■■==#71 ■ ■ ■ ■ '-' 

This equation gives the number of miles of standard cable to 
be allotted to the circuits between i and 2, Fig. 159, and when 
this value is allotted the minimum cost is obtamed. When E is 
known the weight of copper giving the required efficiency may be 
found from (54}. When E is known e may also be found from 

(57)- 

Examples 

Bzample l.^(Application of formula {i) and (19).) An under- 
ground cable 100 mdes in length is required with a transmission 
efficiency or effective equated length not exceeding 17 m.s.c, in- 
clu<^ng terminal loss, when a common battery subscribers' line 
4 mUes in lengtli and of 350 ohms resistance is connected at each 
end Of the circuit. All the circuits are to be of a uniform gauge 
and the cable is to be fuUy loaded for side and phantom circmt 
working. The capacity may be talcen as 0065 mi. per mile loop. 
What IS the cheapest combmation of conductor loop and loading 
coUs by means of which the required service may be provided ? 

First find some known combination of coil and conductor which 
will meet the requirement irrespective of cost and will give 17 m.s.c. 
including terminal loss. A mean weight of copper is preferable 
for this purpose. 

As a first step it will be assumed that the terminal loss will be 
that due to light loading. By Fig. 83, Chap. VII., the terminal loss 
is I m.s.c. with a subscribers' loop of standard cable 4 miles in length. 
In order to make up for this loss the attenuation length ^l to be pro- 
vided must be equivalent to 17—1=16 m.s.c, or j3i=i6xoio6=i7, 
whence p=o'Oi7. This can be provided by a 70 lbs. conductor 
with 0*055 henry per mile. It is known that r* +r ~7° '" *^ 
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case, and therefore by formula (48), Chap. VIII., we have 

^ ^ 253 + (50 +20)0-55 /l^x 10-3 = 00158 
2 V 0055 

An analysis of previous results sfcows, however, that the addition 
of phantom coils of the ordinary type in the side circuit increases 
fl by 5 per cent., and therefore^ ^00158 +o'ooo8 =00166, which 
leaves a small and desirable margin between 0'0i66 and the limiting 
value of 0017 allowed. The exact value of R and L for any 
reasonable value of fl could, however, be found without difficulty. 

The conductor 8=25-3 and the inductance L =0-055, found 
in the preceding example, are next adopted as the values of R and 
L defined in connection with equation (11), 

To And the Value ol *. — The maximimi inductance for R is 
found from (6) ; it is 

U = «-^ = 2J^ = 0-36 henry 

By{7) .=5f.thatis,. =1^=6-5 

The evalutlon of ^ - ^J (see explanation of symbols in 

formula (i)). — Computation of A. — In the case of the 70 lbs. cable 
under consideration the cost per pair per mile (based on the total 
cost of the cable divided by the number of pairs in it) is taken at 
j£i2. In a phantom combination we have, however, two side circuits 
and a phantom circuit, and the combination constitutes one unit 
for cost purposes. We therefore have 

A = RP, = 25-3 X 12 X 2 = 607-2 
If a cable sheath of fixed internal diameter is assumed which is 
to be filled as economically as possible, the assumption that the 
cost per pair will be proportional to the weight of copper will he 
approximately correct, or if the number of pairs remains fixed 
and the cable does not vary greatly in diameter the error will not 
be great. In any case a correction can be made if required, as 
will be shown. 

Comptdaiion of B. — Suppose the cost of loading both the side 
circuits and the associated phantom is £y per mile, including cost 
of coils and manholes^ (These figures are merely illustrative.) 

Now, B == Ps\/ %■ We have already found that the cost P^ of 
loading R is £y, also R = 25-3 and x = 6-5. Therefore 

Computation of Ci. — 

= 25-3 X 8-65, that is, Ci = 219 86 
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Value of — Y ^ - — From the preceding calculations we have 

BCiVCi ^355 X 25 3 X 865 X V2I9-86 

^ 3K X 8g X 14-83 ^,8.gy ^(, _^^)(,^ + ,), by (19) 

The value of «( corresponding to l8"97 may be read from Fig. 
154 • it is *i=3"5 to the nearest first deamai. 

To find Rt mid Lt from the known value of Xi. — By (13) 

R(« + . + S)-R{..+.+i) 
and by (14) this is Cj = 219-86 = r/s'S + 2 +^) = Rj x 578 
whence Rj = ^^^ = 38 ohms 

This is the resistance of a cable weighing 466 lbs. per mQe loop. 
The inductance L^ is obtained as foUows : — 

From (6) U, = ■ ■ '^ i . ■ and therefore U, = —^-— = 0543 

also ^ = «, by (7). that is, °-^ = 35 

whence Lt = -4^- "= *>' 155 henry 

From the values of R|=38 ohms and La=o'i55 henry per 
mile, the attenuation constant may be calculated, as the values 
C = 0065 and ^ = 20 are known. We have 

3 _ { 38 + (50 + g o) o-i55) . /^^ X lo-J =00157 
^ a V 0-155 ^' 

which is very near to the stipulated figure of o'oig8. 

The relative cost per mile of the two loading schemes is as 
follows : — 

Cut of Seheme (a) — £ 

2 pairs in 70 lbs. cable =240 

I^oading 2 side circuits and one phantom circuit = 7*0 
CMt of Sehemo (b) — 310 

2 pairs weighing 46'6 lbs. per wire per mile 

Cost of loading 2 side circuits and one phantom 



Vfx7. 



since the cost varies as 



(Mem. the loading point is the same as for the 
side circuit.) 27*74 
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Diffuenee in eost of tlis two Sehemes — 



£ 

= 2774 

3-26 

For a 100 pair cable this would amount to ;£i63 per mile or 
■'^,300 per 100 miles. 

Now, a 47 lbs. cable is not a standard size, the nearest cable 
being a 40 lbs. cable. To obtain the required attenuation constant 
in connection with this conductor an inductance of '24 henry per 
mile would be required. 



"-'■& 



Soheme (e), 40 lbs. eondnstor— 

The cost per mile would be 2 pairs weighing £ 

each 40 lbs. per mile per wire =4_ x 24 =2? = 1371 
70 7 

Cost of loading 2 side circuits and one phantom 



^™"-'-00S5 



Total cost . . = 28-34 



The difference between Scheme (a) and Scheme (c) 
would be — 

Scheme (a) per mile = 

Scheme (c) - = 



This scheme (c) would, however, require coils of 032 henry 
spaced l'2 mil^ apart. This inductance is usually considered 
too high for practical purposes. If, however, coils of^o'266 heniy 
were spaced li miles apart the attenuation would be 0'0i62, or 
a httle higher than the stipulated case, but it might in the circum- 
stances be accepted. 

It is evident by inspection that the use of the 100 lbs, cable 
would not be justified on the prices, as the cost of the copper would 
be greater than the combined copper and coils in any of^the cases 
examined. 

It is probable that a determination of the cheapest cable on 
the lines laid down would be sufficiently accurate for a preliminary 
estimate, but if any more precise figure is required ttiis may be 
obtained by making a fresh calculation from the data obtained 
in the preceding case. For example, if it were known that the cost 
of the 38 ohms cable were £17 per mile instead of £i5'98 as assumed, 
the effect on the cable constants would be as follows. 

Biample 2.— Find the resistance of a cable pair for minimum 
cost by formula (19), assuming that the conductor of 38 ohms, 
already found in example i, is taken as the known conductor R. 
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We liave in this case 
A = RPi=38xi7 =6^ 

B = P«\/e ="76'\/^ = "76 X -303 = 2:56 

Ci = R(*+2+i) = 38(3-5+2+^) = 38(578)=22o 

whence ^^^iVCl 356 X 38 X 5 78-\/2^ _ 356x578x14-83 
S 38 X 17 17 

= 18 .'. from Fig. 154, x^ = ^^ 

By (14) Ra = £l-^ . that is 222 384 ohms 

x^ + 2+l^ 3-43+2+^3 

This value differs so little from the value of 38 ohms previously 
obtained that there would be no advantage for an approximate 
estimate in pursuing the matter further, and therefore the values 
Rb and Lj have been found with sufficient accuracy. The method 
thus illustrated of first finding an approximate result and then 
taking the results thus found as data for a further problem is 
calculated to give very exact results. Of couree extra trouble 
is involved, bat in view of the magnitude of the monetary interests 
involved this is a relatively small matter. The whole calculations 
can be finished in a relatively short time. As a rule, for purposes 
of approximate estimates the formula is sufficiently exact. The 
cost of the ducts being constant has been left out of the calculation 
at this stage, but the effect on the cost per pair can be seen when 
the required gauge has been found. 

Example 8. — Application of the GrftpUeal Method. — ^The same 
problem has been here dealt with graphically as in the case of 
example i, and the results are shown in Figs. 155 and 156. These 
curves are arrived at as follows. The values of A, B, and d are 
calculated as shown in example i and inserted in equation (i). 
The numerical value of the equation is then calculated when %« 
has values from i to 10, ten separate calculations being made and 
tabulated. Fig. 155 shows the variation of price with variation 
of «j. It will l)e seen that the minimum price is obtained when 
«j has the value r 54. In example i.Xgis given as 35 to the nearest 
decimal place. WTien X2 is known Ls_may be found from known 

values of Rj and a known value ^-J + j^- by equation (8), or 

In this case =-J^ + j; is known to be 70, and therefore L* = — ^ . 
L, ' C ' ^ yoxs 

The value of Re is obtained from equation (14) from known 
values of Ci and Xz (in this case 3'54 for the cntical minimum 
value). A number of values of Rg and Lj are plotted in Fig, 156, 

D,3,l,:«,.„G00J^IC 
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This graph shows the whole of the possible values of R3 and Lg 
between the limits taken, which will in combination give the 
required attenuation constant. The values of the resistances are 
read from the left-hand side of the graph and the inductances on 
the right-hand side. Any values of Kj and L^ which are read 
vertically will give the required attenuation constant, which is 
always the same; thus oi henry and 32 ohms Qves the same 
attenuation constant as o'lzg henry and 35 ohms. The advantage 
of the graphical method is that not only the minimum values are 
given, but the result of departing from the minimum may be seen 
by inspection. 

Ex&mple 4. — An extension of a long-distance circuit is required 
for a length of 100 miles on existing poles, and it is known tnal a 
transmission efficiency equal to that of 400 lbs. aerial conductors 
is needed for the required service. It is found that a length of 
25 miles of 200 lbs. copper aerial ckcuit is spare and available on 
the proposed route, and it is required to know whether it would 
be economical to use this, and also what conductor should be used 
for the remaining 75 miles to give the required transmission 
efficiency. 

By equation (32) we have 

If R is the resistance of the 400 lbs. conductor per mile loop and 
/ its lei^h, Ri and /^ the resistance and length of the 200 lbs. spare 
wires, Ro being unknown, we have by substitution in (22) from 
Table I., Chap.TIII. 

4-4 X 100 = 88 X 25 -I- Rb X 75 
or 220 = 75R2 and .". Rg = 293 ohms 

This is the resistance of 600 lbs, copper per mOe loop, and it may be 
verified from the table that 25 miles of 200 lbs. Cu -f 75 miles of 
600 lbs. copper would give the same attenuation length as 100 
miles of 400 lbs, aerial copper. The weights of copper used in 
the two cases, however, would be as follows. 

(a) 400 lbs. Cq 

2 X 400 X 100 lbs. = 80,000 lbs. 

(6) 2 X 600 X 75 lbs. = 90,000 Ibs.l _ ,. 

2 X 200 X 25 lbs. = 10,000 „ / ~ ^W'<^" 'OS. 

It would evidently be advantageous to erect 400 lbs. copper for 
the whole distancCj even if the 200 lbs. spare wires had to be 
taken down to provide space on the poles. 

Eiample 5. — A new minor telephone system is to be developed 
in a given area. The number of the subscribers' circuits is esti- 
mated at 500 and their average length at 06 mile. The number 
of junction circuits is estimated at 14 and their length is 14 miles. 
A^ume that an underground system is used throughout. 

Ten miles of standard cable is allowed between the subscribers' 
station and the zone centre when using standard apparatus. The 
loss due to wiring and coils is estimatetf at i mile of standard cable. 
The subscribers' apparatus is supposed to be of standard efficiency. 
The sj'stem is local battery. Knd the most suitable weight of 
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copper for the subscribers' and junction circuits based on the above 
assumptions. 

We have by fomula {49) and the fact that K =^i^p 



■4S1 

If there is i m.s.c. loss in the cords and wiring and the instruments 
are of standard effidency the 10 m.s.c. allowed is reduced to 9 and 
therefore E =9. We then obtain 

this is the we^t of copper required for the junction cmniits if the 
capacity is 0054. If tne capacity were ©■o65 mf., we have by {50) 
— — 5 X 65 ^ vz X 65 = 78 lbs. per mile. Such a circuit efficiency 

would usually be obtained by loading a lesser gau^ of circuit. 
If the 65 lbs. unloaded circuit were used, or one havmg the same 
overall transmission efficiency, the weight of copper for the sub- 
scribers' circuits would be obtained from {46), thus 



"E^' 



"•-'=. '= ,J&' --*7 



(i-98}v'65-i4 



le loop. A 



But the weight of copper in the subscribers' hue per mile is by 
definition x^ = (2-^6y)i =607 lbs. per mile. To prove that the 
circuits thus provided would give the required efficiency, proceed 
as follows. By formula {15), Chap. VHI., the resistance of a circuit 
weighing 65 lbs, per mile per wire = 26-4 ohms per mile loop. As 
the attenuat ion assumed is based on the fo rmula (8 = ' 
have fi = Vi X 5000 x 0054 X lo-" x 26-4 =00597, 

The m.s.c. in the junction circuits is^-^SSZ^M ^ y-gg^ m.s.c. 

The total amount allowed is (excluding cord and wiring losses) g m.s.c. 
We have, therefore, 9— 7"885 m.s.c. ^I'lis m.s.c, available for 
a length ot o'6 mile of subscribers' circuit=i'86 m.s.c. per mUe. 
The weight of copper found for these circuits would give an attenua- 
tion constant which may be found in e xactly the same way as that 
of the junction circuits; thus ^=10^*^/289 X J X 5000 X ■054=0197 
= i-8o m.s.c., which is the value m m.s.c, left available 
when the junction circuit efficiency is satisfied. In practice the 
smallest gauge of wire available is 6^ lbs. per mile, and this would 
permit of all circuits up to 051 mile in length with a wire to wire 
capacity of 0'o8 mf. being provided by that weight of copper. 
There is, of course, a large element of approximation in using such 
formula:, especially as either all undercround or all aerial Ene is 
assumed ; but by using this formtila and balancing the advantages 
obtained by the use of (49), much insight into the necessary trans- 
mission requirements is obtained. 

It is evident from such studies that subscribers' circuits of very 
smEdl weight might often be suitable. 
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TRANSMISSION FORMULA FOR LINES JN SERIES. WITH 
APPARATUS IN SERIES AND IN LEAK 

Intioduetory Remaiks. — In practical telephony numerous cases 
involving complex transmission fonnulx occur. When, however, 
the number oi finite lines in series exceeds three, the formulae 
become so complicated and cumbersome that they are not suited 
for practical calculation, and they are not here dealt with. See, 
however, para. 235, Combined Losses, etc, 

24fi. To And the Carteiit at tbe Reoeivlng End of Two Transmission 
Lines of any Length, In Series. — The received current at the receiving 
end of a transmission tine of any length closed by a resistance Za, is 
by (17), Chap. III. 

to sinh 9 + Zfl cosh fl a • ■ ■ ■ \ } 
Let the line in Fig. 16 be continued by a second circuit CD, 
instead of being closed oy the impedance Za. If Z'q is the charac- 
teristic impedance of this line, and 0, its line angle, its impedance 
for any length is, by (6), Chap. III., ^o tanh ffi 




Fic. 160. 
If Zo in (i) be replaced by Z'o tanh flj, we have 



■ (2) 



(2) gives the current I. at B in Fig. 160, i.e. at the point where the 
line CD of impedance Z'q tanh 9, replaces the impedance Z«._ The 
current la is also the sending end current in the circuit CD, and by 
(12), Chap. III. 

la-^ J or I.- ^g . 
I2 cosh ffi cosh $1 

***** *^ ^» ^ {Zosinhfl+Z'otanhSiCoshS) ^ c"^, *'''''" (^' 



' Zq sinh e cosh $1 + Z'g ^h ^i cosh 8 



(3) 
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246. To Bnd the Cnnent at the ReedTing End of Two TrammlBBlOB 
Gtreoita in Setlet haTing an Impedanee Za at the Sending End. — 



— <iV 



If the impedance Zb in Fig. 19 be replaced by a uniform trans- 
mission circuit CD, the arrangement becomes as shown in Fig. 161. 
Replacing Zb in foimula (30), Chap. III., by Z'q taah 9i, we obtain 



(4) 

{4) gives the current at the point BC in Fig. 161 as in the previous 
■' I 

El 



" t^p' + ^fo^^ J^JlJsinhg-KZa+Z'otanhgOcoshfl 



case, and we again have =? = - r - x - or I. = — ■^-- 
" Is cosh 9, " cosh 01 



"i 



^.'smh»+z.z„tanh«.slnh» ^^ ,^^ .^^.^ ^^^ ,^ ^^^ , . 

^coshfli 
that is Is = 

r^ ^ ( 

Zosinh flcosh fli -\ — y-^sinh »i sinh tf+Zacosh 9cosh fli+Z'oSinh dicosh 



247. Tg show that the Reeefved Coirent Is the same with the 
tame Voltage If the Sending and Reeelving Ends are reversed In 
Fig. 161. — If the impedance of the unifonn circuit CD, Fig. 162, 

' '^^• ' .'' iii ' i M'i."r ii f ' iMti 'ii— 



Fig. 163. 

and its terminal Za be Zx, we have by formula (17), Chap. III. 

1.=^ El 

Z sinh tfj + Zx cosh flj 

Multiplying by Zx we have 

7ri ^ F - _ .1?* 

' ' Z'„siiih9,+Z»cosh«, 

or Ej=_ El . . . (( 

t^ sinh O1+ cosh fii 
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but from {17), Chap. III., and Fig. 162 

'"^Zosinhfl + Zflcoshfl ■ ■ • • (7) 

Substituting the value of Eg from (6) {Zx is found by (15), Chap. 
III.}, we obtain 

I E. I 

' Z'o sinh e-i , t. a Zft sinh 0+Za codi J 

g / go sinh d + Za cosh g \ + "^"^ *> 
°VZo cosh e + Za sinh 97 
Is = 



Which is the same as (5). 

248. R«eeived Curront at the end of Three Transmission Lines 
of any Length In Series, Closed at the Receiving End. — Let the line 
■ angles be 8, 0^, and B and the corresponding characteristic im- 
pedances Zq, Z'o, and Z"o ; these values to be unrestricted. 

If in Fig, 162, Za, whose value is unrestricted, be substituted by 
a uniform fine of impedance Z"o tanh *„ = Za, the current Ig will 
be unaltered, and Fig. 163 represents the stipulated conditions. 

Fig. 163. 

By (12), Chap. III., ^= } „ . whence 1^= !". ■ Sub- 
■^ ' " *^ ' Ij. cosh fl„ * cosh J„ 

stitute the value of Is from (8) and put Za = Z"o tanh 0„, we then 
obtain 

I4 = El /^Z'o sinh fl, cosh fl cosh fl„ +—^-5 sinh 9 sinh 6, sinh 9„ 
+ Zo sinh 9 cosh fl, cosh tf„ + Z"o sinh 9„ cosh 6 cosh 9J (9) 
.t.'|A~ft B. .C 6 D , .E ft f . 



mr 



It is easily shown that with the same impressed volt^e at either 
end of AF, Fig. 163, the same current is received at the distant end. 
Fig. 164 ^ows the alternative case to 163. The line 8„ is at the 



sending end in that case, and the line 9 at the receiving end. If 
in (9), 6, is now written for fl,„ and e„ for fl„ and if also Z'o 
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rqilaces Z'V and vice versa, it will be iound that (9) is unaltered, 
and the received current is the same. Para. 247 could have been 
dealt with similariy, bat an alternative proof is ^ven. 

(9) will next be utilized to find an expression for the received 
current in a line haying a large line angle 9, terminated by two 
short lines, each having a line ang^ f,. In this case sinh 9 and 

cosh 9 in (9) will each be approximately equal to -, and the 

expresdon becomes 

l8 = EiZo/4ZoZ'o anh 9,codi 9, + {Z'o)« sinh' 9, + Zq^ cosh« #' 

+ ZqZ'o sinh 9, cosh fl, j (10) 

(II) 



*-(Z'o sinh e, + Zo cosh 9,)' 



Separation of the Effects of Line Angles and Iupedances. 

Formula (gj shows the combined attenuation due to three lines 
in series, and tneir impedances. For comparison with this, suppose 
that a uniform circuit having the same constants throughout its 
ler^h, has a line angle 9„,. Let it be divided into three unequal 
lengths such that 9,,^=#-f-9,+fl„ ; then by (43), Chap. L, and (10), 
Chap. IIL, the received current is 

I ^ ^1 - _ El 

' Zo sinh 9„, Zo sinh {9 + B,+ «„) 
= Ei/(Zo sinh fl, cosh 9 cosh 9„ 4. Zo smh 9 sinh 9, sinh 9„ 

+ Zo sinh 9 cosh 0, cosh fl„ + Zo sinh 9„ cosh 9 cosh 9,) (12) 

This expression o^ difiers from (0) in this chapter in respect 
of the impedances. Tne hyperbolic function terms are exactly 
thesameinthetwo cases, ana since (12) clearly includes the develop- 
ment of the sinh of the sum of the angles, the same remark evidently 
applies to (q). It follows that the attenuation due to these lines 
in series is the sum of the attenuation in the lines taken separately ; 
and that if two series of such circuits have the same line angles, 
but different characteristic impedances, the difference in the received 
currents will be due to the difference in the characteristic impedances. 

249. ESeet of Inserting a Transmission Line of any Fixed Length, 
baVlng a Line Angle 6, at any point in a line ol any Fixed Length 
having a Line Angle 6 . Both the Line Angles being anrestrleted 
in Value. — The case is snown in Fig. 165. 

Let / and l^ be fixed lengths, and /. and /^ variable lengths, such 
that the combined length /— /o=/i+7b. Let the lines AB and EF 
have the same constants, and the same propagation constant y. 
Let the line CD have different constants to AB and EF, such that 
its propagation constant is yi- ^^ effect of moving the line CD 
to any point on the line ABEF will now be investigated. The 
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equation for the received current I^ is by inspection similar to (9), 
except that Z'|,=Z"o in the case now under consideration. We 
have therefore 



Fig. 165. 

(a) I4 = El /jz'o sinh 9, cosh 8 cosh fl„ + '-^ sinh fl sinh 0, sinh fl„ 

+ Zo sinh cosh S, cosh fl,, + Z'o sinh S„ cosh cosh ff, | {13) 

For purposes of comparison suppose that the section of line 
CD in Fig. 165 is next fixed at one end of the circuit ; then AB and 
EF will form one continuous length, and the case will be e(]uivalent 
to that shown in Fig. 160 and (3). If $, in (3) is substituted by 
fl^+fl we shall obtain the equation for the same circuit but with 
CD, Fig. 160, divided into two parts 0,+0„; (3) may therefore in 
that case be written 

^^^ ^ Zo sinh 9 cosh (fl, + ff„) + Z'o sinh (9, + 0J cosh *^'** 

= Ei/{ Zo sinh 9 {cosh 9, cosh 9„ + sinh 0, sinh 9„) 

+ Z'o cosh 9 {sinh 9, cosh 0„ + cosh 6, sinh 9„) } . {15) 
Comparing {13) with (15), jt will be seen that the only difEerence 
in the two cases is that -- y -- sinh 9 sinh 0, sinh 9„ in (13) is 

replaced by Zq sinh 9 sinh 9, smh 9„ in {15). 

If Zq sinh 9 sinh 8 sinh 9„ be added to, and subtracted from, 
the denominator of (13), its value will be unaltered, and if the 
denominator of {15) be called A, then (15)= -^ and (13) may be 
written 

I< = ./7Ma ' _7ii ' ■ {^^) 

A+ j ' *-'>>^ ^" } sinh sinh 0, sinh 9„ 

The effect of the position of the circuit CD, Fig. 165, may now 
be seen. If either sinh 9, or sinh 9„ = o, {16) becomes -^ in each 

instance. This is the case when CD is at either end of the line, and 
the received current is evidently the same in both cases. This 
confirms the conclusion already arrived at. By supposition AF 
and CD are fixed lengths. It should be noticedTthat when either 
or 9„= o, some of the terms of A, i.e. of the denominator of {15), 
disappear; but the vahie of A nevertheless remains constant. 
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because when 6,=o, B„ increases to fl, + 9^, and when 9„=o then 0, 
increases to 8, -\- 9„ and this compensates for the terms which 
disappear. 

sBO. Efleet ol plaalng Apparattu Zc at either End of a nnlform 
Tranimitilon Line terminated by Apparattu at aaeh End. Fig. 19 

.^; 2a Zc ,', ,, Zl. 
^ |l|l — VSA^Sr-^'AAAi I I I I I I I I ^^^^^ * 



UllllU 



and formula (30}, Chap. III., show how the received current at 
i. is arrived at in the absence of Zc. If Zc be placed in series with 
Z«, as shown in Fig. 166, then {30), Chap. III., becomes 

■/.(,'+ (;^+Zc) Zb sinhfl+{(2a+Zc) + Z&]coshfl 

If the apparatus is placed in series with Zb at the distant end 
instead of Za, the formula becomes 

''°'''' + l^|+^^£g?sii.h«+(Z»+(ZH-Zc)|co8b» "** 

Now (17) and {18) are not the same unless Za=Zfr, or in other 
words, unless the circuit is terminated by apparatus of equal 
impedance Za at both ends before the addition of Zc. If Z<t=Zfr 
(17) and {18) become 

'^a' + {^+'^y^ smhe+{Za+(Za+Zc))coshS 

251. Efleet od the Reeeived Canent of an Impedanee Zg plaeed 
at any Point, In Series, in a Transmission Line. — By (17), Chap. III., 
the received current when the impedance Z'a is at the receiving 
end of the line is 

_ _ . . E, 
Zo sinh 0+ Z'a cosh e 



^« ~ t:p,a\, kJif'^^f^hi) ■ • • (*'') 



In Fig. 16, Chap. III., the current at the junction of Z'a and 
the line is the same as the received current. Now the impedance 
Z'a is unrestricted in value, and if for Z'a we substitute an equal 
impedance, viz. Za + Zq" tanh 8„ (where fl„ is the angle of the 
added line and Z„" tanh fl„ its impedance), we shall still obtain the 
current la at the junction of Z'a with the line. The arrangement 
is shown in Fig. 167. The current at Ig then becomes by modification 
of (20) 

El 



Z'o sinh 0, + {Za + Z"o tanh tf„) cosh 0, 



(21) 
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The voltage Ei and the currents Is and Ig indicated in Fig. 167, 
are related as follows. By {12}, Chap. III. 

ll""cosh9„ °' ^»=coshfl„ 
that IS Ia= {Z'osinh 9,+(Za +Z"otanh e„) cosh flj cosh fl„ 



(22) 



k.'o sinh 9, cosh tf„+Za cosh 9, cosh J„+Z"oSinh 9„ cosh fl, 

* t , -* 

Fig. 167. 

This is a general expression for the received current, in the case 
where an impedance Za is at any point in series between two trans- 
mission lines whose line angles are 9, and fl„, and characteristic 
impedances Z'p and Z"o. 

If Z'o = Z 0, j'/i = 9, and yl2 = 6,„ we have the case of an 
impedance in series at any point of a uniform transmission line of 
length {/j 4-/2) =1. (22} then becomes 

. ____, El 

^ ~ Z'o (sinh 9, cosh fl„ + sinh fl„ cosh tf,) + Za cosh 9, cosh fl„ 

■ {23) 



Z'o sinh {ff, + 9„) + Za cosh 9, cosh fl„ 
Here 9, + 9„ is the total Une angle yl. If this be written e then 
{23) b 



* ~ Z'o sinh 9 + Za cosh 9, cosh «„ ' ' ^^' 
This is a general expression for the received current obtained by 

placing an impedance Za at any point in a uniform line (see Fig, 167). 
If in a uniform line 9, = 0„ = ~ the impedance is evidently in 

the middle of the line. In that case (24) becomes 

I,= h . . . . (25) 

Z'o sinh e + Za coshs | 

If cosh 9 in (20) be written cosh {O,+ 0„), where S, and fl„ have 
the meaning already given, then 

cosh 9= cosh (9, + fl„) = cosh 9, cosh 9„ + sinh 9, sinh 9„ 
or cosh 9— sinh 9 sinh fl„ = cosh 9, cosh 9 
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If ff, or ff„ is zero, (26) reduces to (20). 

268. BOeet on fbt Sendlns End Rnlatanee ol an Impedaaee Za 
iB thfl Middle of a nnlform Tranimisalon Line. — Fig. 167 illustrates 
this case, if the lengths li and /j are equal and umfonn. Let the 
characteristic impedance of both lengths be Zq, and the line angle 
of the total length /j + ij be 9. By (15), Chap. III., if one of the 
half-line sections be closed at the receiving end by an impedance 
— its sending end resistance is 

Z'.(z'„sinh?+^cosli|) 

r*=Zi= g TT 3 — . . (Z7) 

■1 7.'.cosh^4-45siiih? 



(za + Z'o lanh j) 
in the last equation, we obtain the axi^tigeinent shown in Fig. 167, 
the impedance (Z«-t-Z'otanh-) being that of the impedance Za and 
the line l^ ; we then have 

Z'iz'o suih ^ + (Zo + Z'o tanh ?") cosh ? j 

Z'. cosh - + 1 Z<1 + Z', tanh - 1 sinh ! 

Z'o(2Z'„ smh I + Zo cosh |) 

Z'of cosh - + tanh - sinh ?") + Z» sinh - 
\ 2 22/ 2 

Z'i,(2Z'o suih ~+Za cosh -^ 

Z'„(cosh»| + 5mh!|) " 

— i 5-j i^+Za sinh ? 

cosh* ' 

2 

Z'oj (2Z'o sinh | cosh |) + Z« cosh' ?l 

Z'o cosh e+Za sinh - cosh - 

. Z'ofz'o sinh S + Za cosh!-') 
- ^ ^< (28) 
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If Fig. 167 represents a loadine coil section with a loading coil 
of impedance Za in the centre of the Une, the impedance measured 
from the sending end is given by (28). 

If Ii be denved from (28), and divided by Ig from (25), we 
obtain 

^ = cosh J + -^sinhfl 
Is 2Z'o 

This equation is of the same fonn as (8), Chap. IV. ; but it should 
be noticed that each of the two impedances in this latter case would 

be — in practice, whilst in the former case the impedance is Za. 

With this proviso the ratios r^ and .-i are the same. It follows 

^E Is 
from this that the attenuation (^) in a series loaded section of 



'©' 



transmission line earthed at the receiving end, is the same whether 
the load is in the centre of the section, or split up into two halves 
placed at its two ends. The received current in the two cases is 
not, however, the same, because that dg>ends also upon the sending 
end impedance. Compare (21), Chap. III., with (28) in this chapter. 
258. Cbaraeterlstle Impedtnee of s Serlw-Loaded Line. — The 
required impedance is that obtained at the sending end of a suffi- 
ciently large number of sections of series-loaded Ime, the number 
being such that the impedance at the sending end is the same 
whether the receiving end is open or closed. Two cases will be 
considered : (a) when a load is placed at the centre of every section 
of the line ; and (6) when half a load is placed at each end of every 
section. 

(a) By (7), Chap. III., we have Zq=V^- Here Zi and Z 
refer to Imes of any length and they will be applied to one section 
of loaded line. In case (a) Zj is given by {28), and Z, the sending 
end impedance with the distant end open, is derived from {27) by 

replacing ^ by (Za+Zo coth^Y {See (5), Chap. III.} Fonnula 

{27) then becomes 

Z'o(z'o cosh fl+ ~ sinh e^ 

Z'osinh fl+Z«sinh2- 

by a similar process to the development of (28). Whence 

/(Z'o)*(z'o sinh B+Za coshB-Vz'oCosh e+— sinh e\ 
fz'o cosh 0+ — sinh eVz'o sinh e+ Za sinh* -^ 

By the aid of {52) and {53), Chap. I., this may be written 

7 7, /2Z' o sinh g+ Za (cosh 9+ 1) ,^. 

^=^oV2Z'osinhtf+Za{coshtf-l) ' * ^29) 
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" The Theory of the Submarine Telegraph and Telephone Cable." 
(b) In th]s case Zj is given by (21), Chap. III., and 

Z=Za+Z'oCOthfl 

by inspection of Fig. 18, and {5), Chap. III. 

. y _ /[i (Z'o)g+Za'( sinh g+zZgZ'ocosh ff ] ( Za+Z'ocotire) 
• ■^^ V (Z'o cosh B+ Za sinh 6) 

' U(Z'o)'+Zfl't sinh g+aZaZ'oCoshfl](Z(i sinh fl+Z'gCOshe) 
sinii 9 . 

(Z'o cosh fl + Za sinh 9) 



=/ 



This is given by G. A. Campbell in the article quoted in para. 76 ; 
the symbols are, however, aftered in conformity with those here 
used. 

254. Trinsmluion Lou or Gain due to Apparatus In Leak at 
Blthftr End, or In the Middle of 1 Lon^ and Unllorm Transmission 
Line. — Case (a). Apparatus at the Sending End of the Line.— Let Za 
be the impedance of the apparatus, Zq the characteristic impedance 
of the line, and Z the impedance of the apparatus in leak to earth. 



-Hl|l|-ira^ 



[ entering the Une without the 



ii 



Replacing Zp by the joint resistance of Zg and Z we obtain 
El 



(31) 



I,= - 



Z.I+, 



(32) 



+z 



This is the cuixent Ii entering Za in Fi^. i68. Now Ij divides 
between Zq and Z, and the portion Ii entenng Zo is by the law of 
divided resistances 






(Z. + Z) 



Zo+Z Z«Z„+Z<iZ+Z„Z Z«Zo + Z«Z + Z||Z 



(33) 
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The current which entered Za and Zn before the addition of the 
shunt is given by (31). The ratio of (33) to {31) is 

la _ EiZ ^ Za + Zp _ Z(Zfl +Zo) , , 

Ii ZaZo + ZoZ+ZoZ Ej ZdZo + ZaZ + ZpZ ^^' 

This ratio =? may be expressed as an attenuation by the same 

reasoning as that given in Chap. VII., para. 126. In that case we 
may write 

j?=e-«; and «i,=log.j? 

th*t'« * = '°«'Z^z?fl^^ ■ • • (35) 

and the loss or gain in miles of standard cable as compared with the 
circuit without the leak is — ^ . 

O'lOO 

In view of the fact that the receiving end is too distant to 
aftect the volts or current at the sending end of the circuit, the 
receiving end impedance does not come directly into the calculation, 
seeing that both (31) and (32) are equally aflected by it. At the 
receiving end the quantity ' , also gives the loss in the received 

current, due to the leak impedance at the sending end. 

Case (b). Transmission Loss or Gain due to Apparatus in Leak 
at the Middle 0/ a Long Uniform Line. — Fig. 169 illustrates this case. 



Hi 



1 '-° 




.z„ 


1 Innnite Line 


1 


InPrnite Line 

z 



Fio. 169. 

This problem is practically the same as the preceding one, inasmuch 
as by inspection we have a leak between two fixed impedances 
in each case. The only difference is that in the present case the 
imjpedances at each side of the leak are Zp instead of one of them 
being Za. If, therefore, Za be altered to Z(, in the fonnida already 
dev^oped, we obtain from (34) 



h^ 2Z0Z ^ 2Z 

Ii Zfl^ + ZoZ + ZqZ Zo + 2j 



(36) 



Case (c). Transmission Loss or Gain due to Apparatus in Bridge 
at the Receiving End of a Long and Uniform Line. — ^Fig, 170 apphes 
in this instance. The case is exactly the same as that illustrated 
by Fig. 168, except that the battery is connected to the opposite end 
of the impedance system in the two cases. If, therefore, Za be 
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changed lor Z© and Zq be changed for Za in (33)' the resulting 
formula will hold good for the receiving end of the hne. If the 
ch^ges indicated are made, however, an inspection of (35) will 
show that the alterations leave this equation exM^ly as it was before 
the changes were made, and it follows that the same effect on the 
received current is obtained whether the leak is applied to the 
sending or the receiving end of the Une. See Figs. 168 and 170. 



H'lif- 



2a 
TJTOOT* 






Case(d). Rdaiive Loss at the Middle and End of the Line. — The 
condition which determines whether the loss at the middle or end 
of the line is the greater is as follows. The ratio of (34) to (36) is 

(34), ^ _(Z«+Zo)Z .. aZ + Zp , , 

t3l^-ZaZo + Z«Z + ZoZ^ 2Z ' " ^^'^ 

..Y 2ZZa +3ZZo+ZflZ(i +Zo» \ 

V 2Z<iZo+2ZaZ+2ZoZ } 

_ 2ZZa + 2ZZo+ZflZo+2oB , „. 

2ZZa+2ZZo-}-Z«Zo+ZaZo' ' ' ^^' 

The only difference in the numerator and denominator of (38) is 
that Zq^ in the former is replaced by ZaZ„ in the latter. If, therefore, 
the former is greater than the latter the numerator is greater than 
the denominator, and since in that case (34) is greater than (36) it 
follows that if Zq is greater than Za, the loss at the end of the Une 
due to the leak is greater than that at its middle. On the contrary, 
if Za is greater than Zg the loss at the centre of the circuit is greater 
than that at the ends. 

Experiment shows that in practice a shunt has a somewhat 
greater effect at the sending end of a line than at the receiving end. 
In some cases, however, flie greater current at the sending end 
alters the impedance, and this is probably the reason for the greater 
effect observed at the sending end of the line. 

Example. — Calculate the effect on the received current I^ of 
placing an impedance Za=2oaj^o° in series (n) at the end and 
(^ in the middle of a 40 lbs. cable pair having the constants given 
in Table II., Chap. VIII., and loaded by means of 200 millihenrys 
per mile. £1=10 volts; length of line 40 miles. Zq is the character- 
istic imped^ce of the line and e its hne angle ; 9, and 6 are the 
line angles of the sections on either side of the impedance Za. 
This case is shown by Fig. 167, and the received current may he 
calculated by (20} and (26). 
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The method to be adopted is the same as that utilized in Ex. 4, 
Chap. IX. We have, thereforej 

20 = 1756X1° 2/ and fl=(ooi626+y 0-570)40 
= o-65o+y22-8 
sinh = 5inh {o'65o+/ 22-8) =i'004/ 241° 27' 
cosh 9= cosh (o65o+y22'8)= ■980/211° 0' 
sinh 9, = sinh S„ = sinh {o'325 +J ii'4) = ■974X36° 10' 
sinh* 9, = ■949X72" 20' 

Case (a).— By (20) 

_ 10 

"ZoSinh 9+Zacosh 9 



l4=^ 



1756X1° 27' Xi'oo4/24i'' 27'+zoo/3o°o'x -980/211° o' 

10 

~ 1764/240° 0'+ 196/261° o' 

= i948 /'V3^ = .r^?^^4^° ?' ^^^m ^ 

Case {b).~-By (26) 

10 ___^ 

* ~ 1764 / 240° 0" + 200 /50° o' (o-98o /2ii° o' —0-949X72° 20*) 

10 

='1764/240" 0'+ 200 /50° o' x 1-197 /109° 33 ' 



" 1764 / 240° 0' + g39'4 / 159° 32' 



= 5'5oX232° 31' milliamps. 

It will be seen that the difference in the received currents in the 
two cases is not more than 6i per cent., but it should be borne in mind 
that the impedance of the fine is very high in comparison with the 
impedance added to the circuit. 
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CHAPTER XIV 

THE THERMIONIC VALVE AS A TELEPHONIC RELAY 

255. General CoBSlderatlDnt. — Theteim "telq>bonic relay "is here 
used to describe the simplest piece of apparatus by means of which 
the amplification or magnification of the complex electrical waves 
of speech is produced. This magnification is usually effected 
at some intermediate point in a telephone circuit, where the 
volume of speech impressed on the circuit at the sending end 
is considerably reduMd, owing to the impedance and attenua- 
tion of the bne. As already shown in Chap. V. an electrical 
complex wave due to speech consists of a fundamental and a 
number of overtones. Perfect reproduction of speech by a relay 
involves the reproduction of the fundamental and its overtones 
in their correct proportion, all the amplitudes being magnified, but 
their ratio of amplitude being unchanged. It is, tnerefore, at once 
evident that the ideal relay must possess great sensitivity, on account 
of the small forces which are brought into operation, and must be of 
great rapidity of action, on account of the frequency of the voice 
currents, which may attain 2000 periods or more per second. It is 
clear that such an apparatus must practically have no mechanical 
inertia, and that the amplified currents must be under complete 
control, beginning and ending instantaneously with the forces which 

firoduce them. The thermionic lamp or valve comes much nearer 
o the fulfilment of all these conditions than any other known 
device, and this accounts for the fact that it has been generally 
selectai for use wherever telephonic relays have been adopted. 

The first attempt to produce a relay, however, was on quite 
different lines. A telephone receiver was utilized to receive the 
signals which were required to be ampUfied ; the diaphragm of this 
receiver was attached mechanically to the diaphragm of a sensitive 
telephone transmitter ; the receiver actuated the transmitter and 
brought into operation augmented currents, due to the battery in 
the telephone transmitter circuit. A good magnification was 
obtained by this means, and considerable work was done in the 
development of this device, notably by H. E. Shreeve {U.S. Patent 
791,656, 1905, and others), and S. G. Brown (British Patent specifi- 
cation 11135, 1908, and many others). The stability and general 
action of the thermionic valve were, however, ultimately found to be 
superior to this device, which doubtless accounts for the general 
adciption of the valve. 
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salient facts in connection with its evolution will now be given. 
It has been known for many years that if the high voltage generated 
in a Ruhmkorff induction cou be impressed on a partially exhausted 
vacuum tube a current will flow, although when the tube is filled 
with air at atmospheric pressure no current passes. In order to 
pass the current through tne partial vacuum, electrodes of platinum 
were sealed through the glass tube, the electrode connected to the 
positive terminal of the source of current being called by Faraday 
the anode, and the negative electrode the cathode. The passing of 
the current through different gases in these conditions produces 
beautiful luminous effects, which depend upon the nature of the gas 
and the amount of the vacumn. In 1878 Sir William Crookes 
announced his discovery that if the vacuum was greatly increased, 
the phenomena in the tube were considerably modified, and that in 
fact violet rays were projected in straight hnes from the cathode, 
and were associated with a dark space around it ; he named the 
rays "cathode rays," and stated that they consisted of very smaU 
particles travelling at a high speed, each particle carrying a charge 
of negative electricity. 

It had hitherto been accepted as a scientific fact that the atom 
was the smallest particle into which any element could be resolved; 
but Sir J. J. Thomson, in 1897, succeeded in measuringthe apparent 
mass of the cathode particle ; he found it to be only one-thousandth 
part of the lightest atom known, viz. hydrogen, and that it carried 
a negative charge, s = 34 X lo-^f electrostatic units. The negative 
particles were thus brought into greater prominence. They were 
at first called corpuscles and afterwards electrons, which name 
they still bear. Subsequent investigations {those of Perrin, 1908- 
10) give the apparent mass of the electron as 1775 times less than 
that of an atom of hydrogen, and the charge of the electron in 
electrostatic units as 4-ii x 10—^". A continuous supply Of electrons 
may be produced from a heated filament in a partially exhausted, 
or in a highly exhausted bulb. By this means a permanent electric 
current can be obtained, if an external path for it is completed, as 
will now be explained. It will be convenient to assume, in the first 
instance, that the bulb has been exhausted to a high degree of 
vacuum, in view of the fact that thermionic relay valves of this 
type are largely used at the present time for telephonic purposes ; 
and, moreover, the action of such a valve admits of a somewhat 
simpler explanation than that of a partially exhausted one. 

Referring to Fig. 171. In the first instance consider that portion 
of the diagram shown by the full lines. The filament F in the 
interior of the bulb (which is usually made of tungsten, owing to 
the fact that this metal can be heated to a high temperature without 
deterioration) is connected to a heating battery Bi, and the current 
circulating through the filament can be regulated by a resistance R. 
It is found that the filament in these conditions gives off electrons, 
the amount of which depends upon the temperature of the filament. 
Professor 0. W. Richardson has given the following equation to 
. express the relation between the emission and the temperature of 
the filament : — 

N=aT*r^ (i) 
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where N = number of electrons emitted per second by a sqnare 
centimetre of the heated body, T = absolute temperature of the 
filament, i.e. (273 + {}, where (is the Centigrade temperature above 
zero, and a and are constants depending upon the material of the 
filament. The term "thermionic" is derived from the heating 
efiects, and is due to Professor Richardson. 

In order that a current obeying the law in (i) may be obtained, 
the anode A and the cathode K, Fig. 171, must be connected by a 
battery Bg, as shown in the figure, the positive pole being connected 
to the plate or anode of the valve and the negative pole to the 
cathode. An electric field is then established between the anode 
and the cathode, and the negative charges of the electrons axe 
attracted to the anode, whence they circulate in the external circuit 
and return to the cathode as a unidirectional current, which can be 
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made evident by a jjalvanometer in the discharge circuit described. 
The conventional direction of the electric current is opposite to that 
of the electron flow. For any riven temperature of the cathode there 
is some minimum voltage in the discharge circuit AB^K, which is 
necessary in order to carry off the electrons with sufficient rapidity 
to maintain a current in accordance with Richardson's law. When 
this point is reached the thermionic current is said to be saturated. 
The higher the temperature of the filament the greater is the voltage 
required for this purpose. Professor Fleming, in 1904, was the 
first to utilize the fact that a unidirectional current only can be 
produced by similar means to those described, and he appUed the 
principle to the commercial uses of wireless telegraphy, by converting 
osculations to unidirectional currents, A later ana important 
development was discovered by Dr. Lee de Forest, who found that 
if a tfiird electrode, which was jgrid shaped, were interposed between 
the anode and cathode, and if^the grid were primed by a suitable 
voltage derived from a battery as shown at Bj, Fig. 171, then by means 
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of the circuit GBgF a supplementary voltage can be superimposed 
upon that in thedischargearcuit. If a suitable negative value of Bg 
is chosen, the current in the discharge circuit is materially diminished j 
but if an alternating current is then superimposed on the grid 
circuit — for example, the electric waves due to speech — these waves 
pass out in the discharge circuit in an amplified form. We have here 
the essentials of a telephonic relay. It may be noted that the 
excessively sfnall apparent mass of the electrons ofiers an inappreci- 
able inertia, and that a suitably designed thermionic valve is suffi- 
ciently sensitive to respond instantaneously to the variations of the 
impressed speech waves within the required limits. 

Dr. Irvine Langmuir.of the General Electric Company's Research 
Laboratory, Schenectady, N.Y., has fully investigated and developed 
the properties of the type of valve referred to, i.e. that in which the 
pressure in terms of mm. of mercury is reduced to a very low figure 
(ooooooi mm. of mercuiy, forexarnple). In this type of valve a pure 
electron discharge is obtained. (See his paper read before the 
American Institute of Radio Engineers, April 7th, 1915, an abstract 
of which appeared in the Electrician of May 21st. 1915) It may 
here be mentioned that in vacuum valves having a much greater 
mercury pressure, the electrons in their passage through the lamp 
ionize tne molecules of ga», i.e. the molecules are split up into ions, 
and electrons are released which react on the electron discharge and 
complicate the phenomena. These valves are known as ' soft" 
valves ; they have in the past been largely used in pioneer relay work, 
but at present the " hard " type is preferred on account of its greater 
stabihty. These latter valves are not subject to the ionizing effect 
referred to. In order, however, to exhaust thermionic valves 
suitably Dr. Langmuir found it necessary to take special steps to 
ensure that any gas occluded in the glass and metal hiament, etc., are 
removed. It may be mentioned that the anode and grid are 
frequently made of nickel. Dr. Langmuir has given the name of 
photron to the type of valve with three electrodes and an extremely 
nigh degree of vacuum as developed by him. Experiment shows 
that a definite relation exists between the heating current, the grid 
voltage, and the discharge voltage, in order to secure the best 
results. The law of emission of electrons with variation of tempe- 
rature has already been given. Dr. Langmuir's researches show that 
with a high exhaustion of the valve, the maximum. current which , 
can be produced in the discharge circuit in the absence of the grid 
is proportional to the potential between the anode and cathode 
raised to the i'5th power. When the grid is added the relation 
found by Dr. Langmuir is expressed by the following equation : — 

»=A(Va + KVff)i-6 (2) 

where i = the current flowing to the anode 

Vfl = the anode voltage 
Vg = the grid voltage 

A and K are constants which depend upon the dimensions of the valve 
and the form and position of the electrodes. It should be noticed 
that if the potential of the grid is negative with respect to the filament 
a current cannot flow in the grid circuit, since by supposition the 
potential of the grid must be positive with reference to the cathode in 
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order to attract the negative charge of the electrons. Voltage changes 
impressed on the grid can therefore be effected with a ne^j^ble 
current in that circuit, and since the power absorbed is proportional 
to (3), a very »nall expenditure of power due to speech waves in 
thi? part of the circuit can in accordance with (2) be made to 
produce a considerable change in the voltage and current of the 
discharge circuit. 

256. DetermlB»Uon of Ttltphosle ReUy Cbariet^rUUes.^ — The 
valves described have been developed for the purposes of wireless 
telegraphy, and for these purposes they generally require a small 
input of power and a hign magni&cation. The requirements of 
thermionic valves for telephonic purposes are somewhat different, 
the required power being more, and tne magnification less, than in 
the wireless case. The power required determines the size of the 
valve ; the best voltages for the discharge circuit, for the heating 
or filament circuit, and the grid circuit, are determined by a series 
of actual tests. Details of the methodis of test will be found in a 
paper by Messrs. C. Robinson, B.A., and R. M. Chamney, A.M.I.C.E., 
of theEngineerinChief'sDepartinent,PostOf&ce,entitled"TeIephonic 
Relays and their Application to Commercial Circuits," read before 
the Post Office Institute of Electrical Engineers and included in 
the Professional Papers of that body. The tests were devised by the 
authors, and the following graphs of results are taken from the 
paper. Fig. 172 shows an mipartant characteristic, i.e. the varia- 
tion of the current flowing between the anode and cathode, and 
in the grid circuit, due to variations of the voltage in the 
battery B2 for different values of B3 {Fig. 171), The slope of these 
curves shows how the current vanes with the voltage, and the 
corresponding resistance at any point of the curve can be deduced 
from it. The straight part of the curves indicates a resistance of 
26,300 ohms, the lamp under test was a " hard " one. Now in 
actual practice the amplified current in the discharge circuit is trans- 
mitted by a transformer to the outgoing telephone circuit to which 
the magnified current is supplied, and the best impedance of the 
winding of the transformer connected in the discharge circuit is the 
same as that of the lamp discharge circuit itself for maximum 
absorption of power in the transformer. Similarly the winding of 
the transformer connected to the outgoing telephone circuit should 
be the same as that of the line {see Cnap. VII). It may also 
be seen from the curve in question that an increase in the dis- 
cbarge volts up to about 250 volts produces an increase in the 
discharge current. At this point it is probable that the electron 
emission from the cathode is completely disposed of by the voltage, 
and that there is therefore no advantage in increasing it further, — 
this is shown by the flattening out of the curve for the higher values 
of V, It is not necessary in all cases, however, to use the highest 
possible voltage, as in some cases the required magnification can be 
obtained with a less voltage. The grid current is also shown in the 
figure. It is in all cases very small and is associated with a -f grid 
volt^e. Fig. 173 shows the variation of the discharge current and 
the grid current, t.e. the current circulating in the circuit shown by 
the dotted lines in Fig. i, with variations of grid potential. It is 
seen from this curve, as already mentioned, that when the voltage 
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of the grid is negative with reference to the filament, no current 
flows in the grid circuit ; this is clear from the fact that the grid 
current entirely disappears in the curve for all values between 



potential o and —15 in the grid circuit. The slope of the curve 
showing the discharge current with change of grid voltage should be 
straight and steep, to give the best result, because such a curve 
shows by its steepness that a small change in the grid voltage 
produces the maximum current change in the discharge circuit, and 
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the fact that the line is straight indicates that the increase is equal 
whether the voltage is increi^ed or decreased by an equal amount. 
If, therefore, a anaJQ alternating voltage, which of coarse alternately 



Potential of Grid 

Pig. 173. — Variation of Discharge Current and Grid Current with Variation 
of Grid Potential. 

increases and decreases from a neutral point, were impressed on the 
grid, it would not suffer distortion. Now such an alternating 
voltage is impressed on the grid by the speech waves which enter 
the rSay on that side. If, as an example, 210 volts were used in the 
(hscharge circuit, then the straight portion of the 210 volt curve in 
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Fig. 1^3 would be chosen, and this would be obtained by a priming 
negative grid voltage between o and —15 ; this need not be more 



Grid Potential- Volts rrom-end of filament- 

Fig. 174, — Efiect on Discharge Current and on Grid Cnnent of VE^ng the 

Heating Current I in the Cathode Filament 

Curves marked (A) I = 073 amp. 

.. (B) I = 0-70 ,. 

.. (C 1 = 0-675 ., 
(D) 1 = 0-65 „ 

than 3 or 4 volts, as the same result is obtained with these values 
as for larger negative voltages. It is furi:her obvious from the 
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fact that no current is circulating in the grid circuit that the apparent 
impedance of that circuit is very high ; when a transformer is added 
on the input side to connect the relay to the telephone line, as is 
always the case, the condition of no current is shghtly modified, but 
the impedance is very high and the winding of the transformer 
connected to the input side should be correspondingly high on the 
principle already laid down. Fig. 174 shows the eflect on the dis- 
charge current and on the grid current of varying the heating current 
in the cathode filament. The slope of the current in the discharge 
circuit should be steep and it ^ould be straight, for the reasons 
already explained. This is attained with a heating current of 
about 072 ampere. 

Similar curves to those given are required for every different 
type of lamp, and for every diSerent maker's products. 

It will be seen that iiuormation is obtained by these curves as 
to the best voltage for the batteries Bi, Bj. and Bs. We also learn 
that the input transformer should be a step-up transformer and the 
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output a step-down transformer, usual values in the former case 
are a ratio of^30 to i and in the latter case 10 to i. 

From the high impedance in the grid circuit it will be seen that 
small cells of high resistance would be suitable. This would also 
appear to be the case as regards the discharge circuit, but there is 
some risk of overhearing if high resistance cells are used ; and, more- 
over, secondary cells are often found to be convenient. From the 
magnitude of the current circulating in the filament circuit secondary 
celfe are necessary. 

A photograph of a " hard " lamp, which is often called a lamp 
of the " French " type, as used by the Post Office, is given in Fig. 
175A and 175B. The cathode, gria, and anode are indicated by the 
letters K. G, A. 

Measurement of Magnification. — This measurement is made by 
connecting an alternating current to the primary side of the trans- 
former T^ which is connected to the grid circuit (see Fig. 176), and 
measuring the watts entering the relay in that primary, and also the 
watts leaving the reky circuit on the secondary side of the trans- 
former Tj. The Franke machine is frequently used for this purpose 
(see Chap. XJ. In measuring the watts on the input side the 
voltage drop Vj is first measured at the ends of a non-inductive 
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resistance Ri in series with the primary winding, and then the 
voltage dropVi at the ends of the primary winding is taken. The . 
current in the primary winding is then evidently ^ andthevtdts 

are measured by Vj. The voltage is out of phase with the current 
by an angle ^ which is measured. Then the power P is 

P, = ^Va cos ^ watts (3) 

■"1 

In the output circuit, if the power is absorbed by a non-reactive 
resistance R^, and this is the only resistance in series with the 
secondary winding of Tj, it suffices to measure the voltage drop 
Vg at the ends of the resistance, which also corresponds with the 
ends of the winding, we then have 

P. = ^ = VaI watts (4) 

Ra 



The magnification of power is then obtained by dividing (4) by (3). 
It should be noticed that inasmuch as there is usually no current 
in the grid circuit, the foregoing is as much a test of the input trans- 
former as of the valve. 

Fig. 177 shows the results of a series of tests taken in this way on 
a " hard valve. If it be assumed that the speech current entering 
a telephone circuit at the sending end has a mean value of 0005 . 
ampfire, and that the circuit has a characteristic impedance of 1000 
ohms, then the input watts in this case would apply to the case 
of a telephone circuit of the longest conceivable length as one limiting 
value and one having an attenuation length equivalent to 30*3 miles 
of the standard cable as a lower limit, these limits corresponding 
to the input values and 40 respectively, as given in Fig. 177. For 
a circuit of lower impedance the equivalent attenuation length 
woiild be somewhat less. It will therefore be seen that this valve 
gives its maximum mag^iification when fixed at points in a long line 
which have an attenuation greater than 303 miles of standard cable 
in the conditions supposed. It should be borne in mind, however, 
that the current at the oeginning of the trunk line may be considerably 
less than the 5 miUiamperes stipulated, either on account of attenu- 
ation in thesubscriberslines.ordue to a telephone below the normal 
efficiency, or a subscriber speaking in an abnormally low voice, etc., 
and all these factors must be taken into account in determining the 
most suitable input to be provided for by the valve. It will be seen 
from Fig. 177 that the maximum magnification is given when the 
input is very small, i.e. about five microwatts, and that as the input 
increases from that figure to 40 microwatts the magnification 
decreases. By this means a variation of volume of speech within 
these limits is to some extent corrected. This variable magnifi- 
cation does not mean that harmonics of small amphtude wUl be 
magnified in a different ratio to the much larger volume of the funda- 
mental, for both harmonic and fundamental simultaneously form 
part of the total value of the input energy, and it is this total value 
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which deteimines the magnification ; so that all the instantaneous 
frequencies in the input enei^ are magnified in the same proportion, 
so far as this curve shows. The relative magnification of high and 
, low frequencies can, however, be modified by the design of the input 
transformer. In order to appreciate the significance of the values of 
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Fic. 177. — Variatkm of Magnification with Input. 

Heating Current . 073 amp. 

Dischai^e Voits . 230 

Grid Volts , —57 from end of FSlament. 

magnification given in the curve, say for example a magnification of 
1000, we have only to take a r^resentative telephone circuit and 
find some point mstant from the sending end where the power 
has diminished by attenuation to one-thousandth part of the 
impressed power. This attenuation is such that the magnification of 
1000 would entirely annul it and restore the power to its sending end 
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value ; the magnification may therefore be said to give an improve- 
ment equivalent to that attenuation length, and it may be conveni- 
ently expressed in terms of standard cable. If as an example we 
Again assume the current at the sending end to be 0-005 ampfere and 
tne characteristic impedance of a very long loaded line 1000 ohms 
without phase angle between volts and current, we have at the sending 
end 

P=VI = ZoI«=:iooox(o-oo5)' ... (5) 

At some distant point on the line we have by supposition 

Pi = ZqI V-ziw = 1000 X (ooo5)<e-2iK ... (6) 
Here 2 fit has a value such that the ratio of {5) to (6) is =-=i_~| 

= 1000, or C-* = ^0001 =00316, whence j8( = 3'45 and 4"^ 

= 325 miles of standard cable. Similarly a magnification of 2000 
would correspond to an improvement equivalent to nearly 36 miles of 
the standard cable. Comparing these figures with the mput values 
previously analysed, it would appear that the improvement obtained 
would be a little more than the actual power attenuation due to the 
lines connected to the input side of T. 

It must be borne in mind, however, that the improvement values 
are only rigid for one frequency, and over a very small range of 
input values. This is in fact the principal limitation of a lamp of 
this capacity, but it is found to meet commercial requirements. 
Further investigation is, however, being made by the Post Office 
Research Section on this point. 

357. Telephonio Relsy Systems. — (a) Single Relay Repeaters.— 
In order to introduce a thermionic lamp relav into a telephone 
circuit in the simplest way, i.e. to provide for speaiing in one direction 
only, transformere are added, as ah-eady mentioned, to the relay, 
see Fig. 176. The transformers perform the function of confining 
the battery currents in a local circuit, and if they are suitably 
designed they permit of the power generated being utilized to the 
greatest advantage. It maybe noticed, however, from Fig. 176 that 
a voltage can only be impressed on the grid from the side of the line 
to which it (the grid) is adjacent, a current entering the relay by the 
transformer Ta is not efiective for operating the grid. It is however, 
of course, an indispensable condition for commercial telephony that 
speech shall be possible in both directions, and to make this possible 
a device originated by Edison is used. In order to facilitate the 
explanation of this device Fig. 178 should be examined. This 
arrangement fulfils exactly the same object as Fi^. 176, and the 
similarity is evident. In this case, however, the prmiary is divided 
into four equal windings as shown, and a resistance is inserted in the 
middle of the primary coils ; this reduces the current in the trans- 
former, but does not m any way afiect the principle of the arrange- 
ment. If now the line which was previously connected to the 
secondary of Tj be substituted for the resistance R, and if its impe- 
dance is the same, the electrical conditions will not be in any way 
affected ; speech can now be conducted between the two ends of 
the line and the speech currents are amplified in the relay drcuit. 
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but this does not benefit the line because the discbarge side of the 
relay is not yet connected to it. If, however, the secondary side of 
the transfonner Tg be joined to the line through the primary windings 
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Fig. 178. — Single Relay Repeater. Explaoatory Diagram. 

of Tj, as shown in Fig. 179, the magnified currents axe repeated into 
the line, they split through the transfonner windings in parallel, and 
therepeated currents are propagated to 5o(Aends of the line. If the 
resistances on each side of the point of connection of the relay are 
equal, the secondary winding of^Ti will not be afiected, as there will 




Fig. 179. — Single Relay Repeater. Explanatory Diagram. 



be no magnetic efiect in the primary owing to the relay currents 
circulating through the windings in opposite directions ; such an 

^,.^^^^,^1,^* ,.^ tu^t ^\. :_ T?;„ T-^i^f — « — intly called a telephonic 

y as previously defined. 
; {Fig. 179) is that the relayed 
currents must be repeated into the line without affecting the grid 
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circuit, and this can only be done i{ the hne impedances on both 
sides of C and Ci, Fig. 179, are equal. If such is not the case there 
will be aresukant magnetic effect on the secondary windings of Tj, 
and the resulting current will actuate the grid, this will give rise to a 
magnified culrent in the discharge circuit, which will again circulate 
in the primary circuit of T^, and the out-of-balance current will once 
more give rise to a current m the secondary of Ti and the grid. This 
cycle of events will continue, and in this way the relay willbe contin- 
uously actuated. The rapidity of the impulses actuating the rday 
will depend on the electric constants of the circuit, which will oscillate 
at its characteristic frequency. If the effects are sufficiently powerful 
a loud note will be heard ; this effect is usually known as howling." 
and it prevents the proper use of the relay. 

Problems of Balance in the Single Relay Repeater. — We are here 
face to face with one of the most difficult problems of telephonic 
relay working, i.e. that of maintaining an equal impedance iii the 
up and down hues attached to the relay, for all the important 
frequencies which enter into the composition of speech. It is not 
sufficient to prevent the relay "howling; " if there is a want of 
balance which is not sufficient to produce that result, the parasitic 
speech waves which enter the relay will be added to those which 
are being amplified in the usual way, and may produce serious 
distortion and bad articulation. Want of balance in the line circuits 
may be produced by a number of causes, one of the most obvious 
of which is the change of impedance with length. If the line is not 
sufficiently long, a change in the circuit conditions at the distant 
end— such, 'for example, as opening, or closing, or extending the 
circuit — will alter its impedance, and at once throw the valve out of 
balance. If, however, the line is sufficiently long from the electrical 
point of view, then no matter what change is made at the distant 
end, the apparent impedance of the line as measured from the relay 
end is not affected. A reference to Fig. 73 shows the effect on the 
impedance of varying the length of a 70 lbs. cable circuit. It will 
be seen from that figure that the senaing end impedance becomes 

{ractically constant with a length of 30 miles of standard cable, 
t is convenient to regard the amplified currents which affect the 
relay, due to vaiying impedance, as being sent out from the relay, 
and reflected back to it from the distant end, the current being thus 
propagated over twice the length of the line. Now experience 
shows that if the electrical length of the line is equivalent to 15 miles 
of standard cable, a relay lamp of normal sensitiveness is not affected, 
and taking the doublejoumey due to reflection into account, this 
agrees with Fig. 73. The magnitude of the characteristic impe- 
dance of the line modifies the result to a small extent, but the rule 
given is found to be of practical utility. Other causes of want of 
balance are, different composition of the lines on the two sides of the 
relay, or apparatus bridged across one side (up or down) and not the 
other, or unperfect insulation, etc. If the balance of the lines cannot 
be restored, it is necessary to reduce the sensitiveness of the repeater 
system by shunting the relay ; this can be done ^ means of a high ■ 
resistance shunt across the grid-anode circuit. The resistance can 
usually be varied by steps of go, 000 ohms, to 600,000 ohms ; a very 
small capacity is, however, sometimes used as a shunt. The lines 
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may also be to some extent balanced by means of a sliding resistance 
inserted on either side of the relay. In open-hne working it is some- 
times necessary to reduce the sensitiveness of the relay to prevent its 
being affected by currents induced in the line by power circuits 
and other sources of disturbance. The net result of the various 
causes of unbalance referred to is that a magnification equivalent to 
the elimination of 30 miles of standard cable as deduced from Fig. 177 
can very rarely be maintained. The ideal position for a single relay 
is in the midtfle of electrically long underground conductors having 
a total electrical length not less than that equivalent to 30 miles of 
standard cable. To provide an entirely stable service, however, 
the relay should not be worked so that it is operated by excessively 
small inputs ; in actual practice in double-repeater systems an 
improvement equivalent to from ig to 20 miles of standard cable 
is usually arranged for, but on relatively short hnes it may not be 
possible to attain this figure. In some excqrtional cases a single 
relay in a very lone line may have an improvement equal to about 
27 miles of standard cable. 



¥' 



1 
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Inieraction between Relays in the Same Circuit.- — If the circuit 
is of such an electrical length that two or more relays are necessary, 
a further difficulty arises, for if the valves are not sufficiently far apart 
they interact on each other, unless special arrangements, tobe shortly 
described, are taken to prevent this. The difficulty is caused by 
the fact that the amphfi^ energy in each relay system travels both 
backwards and forwards along the line as shown in Fig 180, where 
the arrows indicate the direction of flow of the amplified currents. 
If the distance between the repeaters is not sufficient, the amplified 
speech waves, from E for example, on arrival at C will be reflected 
back to B, and will affect that valve a second time. If the effect 
is sufficiently powerful serious disturbance to working may be caused 
by this means. Experience shows that the magnification of any 
valve should not be greater than that necessary to pennit of the 
transmitted power arriving at any relay, being 01 the same value in 
all cases, assuming a uniform line and equal spacing. This means 
that the attenuation of any section of line must in all cases annul 
the effect of the magnification in the preceding valve, and this rule 
apphes whether the spacing is equal or not. It should be noticed 
that if this theoretical schemecan be perfectlycarried out transmis^on 
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to any required distance can be maintained, because the effects of 
attenuation are continually neutralized. In order for this to be 
possible, each valve must also correctly reproduce the impressed 
speech waves in relative amplitude without distortion. If the Une 
is uniform throughout and divided into equal relayed lengtte, the 
total attenuation of any number of lengths with the power regulated 
as stated, would be that of one lengtn only. Generally speaking, 
this is theoretically possible in double-repeater systems, but it could 
not be attained at present in single-relay repeater systems. 

{b) Double Relay Repealers. — On account of the difficulties in 
balancing the impedances on each side of a single telephonic repeater, 
especially where more than one such repeater is used in a telephone 
circuit, the line is divided up into isolated lengths, two repeaters 
being allotted t-o each junction of separate lengths, as shown in Fig. 
181 ; this arrangement replaces that shown at B or C in Fig. 180. In 
order to neutralize the amplified current which splits through the 







.=y 



primaryon the input side of the transformer (Pj, Fig, 179}, artificial 
balancing circuits are utilized as shown at A and A^; Fig. 181 : the 
secondary side of the output circuit on the one sioe is joined as 
^own to the centre of the input transformer on the other side, thus 
the first relay repeats into the second and passes on the amplified 
current to the next section of line ; the arrangement is shown in 
greater detail in Fig. 182. The switches S. and Sa are provided 
for reversing the direction of the current ; this is found to be of 
advantage because of the fact that the current in one part of the 
apparatus tends to get out of phase with that in other parts of the 
system, and the reversal of the current is frequently beneficial from 
the phase point of view. The advantages of the dottle relay repeater 
are : (a) Each section of line can be balanced independently and does 
not depend on the similarity of the adjoining section, (b) The 
artificial balancing arm of the combination is absolutely stable, and 
therefore tends to stabilize the arrangement, one possible variable 
being replaced by it in each case. 

On tne whole, therefore, a more stable arrangement is obtained 
than is the case when single repeaters are used, and this is particularly 

2 A 
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advantageous when more than one relay station is in circuit. A 
further marked advantage is that the double relay repeater is suitable 
for use in cord circuits at telephone exchanges for connection to 
various types of circuits. 

The principal disadvaiUaees are : (a] The apparatus is more 
complicated and expensive. Jb) Communication from one end of the 
line to the other can only be completed by means of the relays, 
whereas in the single valve system the continuity of the circuit is 
maintained even if a valve fails, (c) The design of an artificial circuit 
for balancing purposes involves complex considerations and an 
approximation to a true balance has to suffice in commercial practice. 

268. Artlfloial Clronlti to repreunt Loaded Lines. — If loaded under- 
ground circuits are used then even if the circuit is sufficientlv long 
to avoid end effects, difficulties still arise. This is because the so- 
called constants of the circuit are not quite uniform. Thus the 




Fie. 183. — Double Relay Repeater. General Arrangement of Apparatus. 



inductance of the loading coils may vary appreciably from the mean 
inductance, and the capacity in different lengths may also vary. 
The position of the last coil with respect to the end of the line has also 
a marked effect on the impedance, and the lumping of the inductance 
at fixed points contributes to the variations of impedance. If a 
circuit is subject to variationssuch as those pointed out, the impedance 
of an infinite Kne when measured with frequency between the limits 
of 500 and 1300 periods per second, commencing with the lower 
limit and making measurements at frequencies increasing by 40 
periods per second, gives an undulatory curve as shown in Fig. 107. 
A method of constructing an artificial impedance to balance an 
infinite loaded line has been devised by Mr. C. Robinson, part author 
of the paper referred to. The problem, however, is much simplified 
if a capacity of o'2 mf. is permanently bridged across the end of the 
loaded hne, as this has the effect of partially smoothing out the 
impedance curve, and as the capacity only ados a very small trans- 
mission loss it is usually utilized. Mr. Robinson's method is as follows. 
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It is known that the required impedance is one having a small 
angle in view of the fact that the line is loaded (see details 01 measure- 
ment of loaded lines in Chap, X.}, and it is usually possible to make 
up the required artificial impedance by means of resistance and 
capacity only. From inspection of the measured results the limits 
of magnitude of the impedance are also known, and experience shows 
that the range of frequencies between 300 and 1300 cycles per second 
is sufhcient. A number of standard curves are ciuculated within 
the required range of magnitude and frequency. These show the 
impedance-frequency characteristics of different combinations of 
resistance and capacity, the real and imaginary parts being plotted 
separately. The impedances so calculated consist of a simple 
resistance shunted by a capacity. The measured resistance and 
reactance components of the line impedance are drawn to the same 
scale on tracing paper. The resistance component is laid over the 
calculatedresistancecurvesandit is usually possible to find one with 
the same slope. The actual value of the resistance can be obtained 
by adding resistance to the selected combination, since this does not 
affect either the resistance slope, or the magnitude of the reactance 
part. The reactance component is dealt with in a similar manner. 
When a curve with a suitable slope is found the reactancecomponent 
can be adjusted to the required values by adding a series condenser. 
This, however, alters the slope of the reactance component, 
since the impedance of a condenser is inversely proportional to 
the frequency. It is, however, usually possible to find a capacity 
to be placed in series with the selected combination which gives 
an approximately correct reactance over the required range of 
frequencies. If, however, this is found to be impracticable, a different 
combination must be selected. The illustration taken is that of a 
lump-loaded line, but the method is apphcable to any type of circuit. 

It is also possible to arrive at the required impedance value bv 
calculation, but the method involves a number of complex simul- 
taneous equations, and in practice the method described gives 
satisfactory results and is preferred. 

Equivalent impedances may also be calculated on the principles 
laid down in Chapters IV. and VI, Those methods, however, are 
particularly suitable when both attenuation and impedance are 
involved, whereas in the case investigated in the preceding para- 
graphs only impedance is in question. Moreover, the mefnod of 
T and n circuits is strictly correct for one frequency only. If, how- 
ever, the impedance network is made up of equivalent circuits 
which represent very short electrical lengths, the network will not 
vary appreciably from the line impedance required, but in such a 
case the network would be complex and might be unduly large. 

259. The Van Kesteren System of Relay Working. — In order to 
overcome the difficulties in working associated with the balancing 
systems just described, Mr. A. S. J. Van Kesteren, a Dutch Telegraph 
Engineer, has proposed to utilize two trunk Unes for each telephone 
conversation, one line being reserved for hstening at each end. 
(British Patent Specification, No. 29165, 1913.) The relays are 
loined iip for working in one direction only as shown on Fig, 183, 
the grid side of the relay being joined to the side of the 
circuit which is reserved at the distant end for speaking in each 
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case, thus at one end of the circuit A is the speaking Hne and Ai 
the receiving line, as indicated by the direction of the arrows. At the 
other end of the line Bi is the speaking line and B the listening line. 
The two lines are joined together at the ends as shown, in order that 
the combined circuit may oe extended to subscribers by means of 
one pair of lines as indicated. This device appears to involve some 
transmission loss. A transformer can also be used to effect the 
connection, and balancing devices added. The 4-wire system has 
the advantage that " howling " and other diflBculties incident to 
imperfect balance are entirely eliminated, and the interaction 
between relays is prevented, provided that the relays in the two hues 
are not too near each other. It may be expected that the net 
results would be that a larger magnification could be utilized than 
in balanced systems, and the deterioration of articulation and 
want of stability which take place due to imperfectly balanced 




Fio. 183.— Van Kesteren Relay System. Explanatciy Diagram. 

repeater systems eliminated. How far these presumed advantages 
compensate for the necessity of using two pairs of wires is not at 
present known to the writer. 

260. Signalling and RlDglng Arrangements. — Signalling on relayed 
lines is usually necessary. The ideal method is to use a device wMch 
utilizes currents of sumcient frequency to actuate the thermionic 
.relays. Signals could then be registered by means of electromagnetic 
relays with armatures tuned to vibrate at the selected nnging 
frequency. It is expected that such a method will shortly be 
introduced by the Post Office. 

The ordinary ringing frequency usually adopted for ringing 
subscribers has a frequency 01 about 17 periods per second ; the 
- thermionic relay is .not injured by such currents, out on the other 
hand it does not transmit such low frequency signals. Fig. 184 
shows a method of ringing by means of generators operating at this 
frequency. The diagram is taken from a paper by Mr. A. B. Hart, 
read before the Institution of Post Office Electrical Engineers, on 
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" Telephonic Repeaters," on Nov, 22nd, 1918. The paper is 
included in the series of professional papers published by the 
Institution. 

261. AdTantages ot the Relay Hettaod of Improvlns Trinsmlssion. — 
The improvement of telephonic transmission by means of telephonic 
relays gives promise of considerable development, and its close study 
will be advantageous to all who are interested in the study of trans- 
mission problems. This means of improving transmission has notable 
advantages over the attainment of the same means by improvements 
in subscribers' sending or rec^ving apparatus. In the first place, 
any method which would involve the scrapping of the enonnous 
nimiber of existing subscribers' instruments would be very costly. 
Not only is this so but a considerable increase in the effiaency of 




Relay 500*500 
one Coil Short 
circuited. 



To Generator To Generator 

Fig. 184.— Airangement foi Ringing throngb Double Relay Repeaters 

the transmitter and receiver is attended with difficulty. A con- 
siderable increase in the volume of speech at the sending end of a 
line would give rise to overhearing in some parts of the plant, which 
has been deigned for existing conditions. Again, experience shows 
that any great increase in the volume of speech at the sending end 
of the hne affects the ear painfully, and beyond a certain limit it is 
dangerous. Special steps have to be taken in such a case to cut out 
the receiver whilst a subscriber is speaMng, and this is attended with 
considerable inconvenience, and gives rise to confusion. As regards 
the receiving apparatus, the telephone receiver is at present highly 
sensitive {see para. 183), and any apparatus of greater sensitivity 
increases the audibiUty of any cross-talk or other inductive disturb- 
ances. 

It is here assumed that ordinary telephone frequencies are 
utilized for transmis^on, the conversion of the speech frequencies 
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to those of a higher order, such as is involved in some modem " 
proposals — for example, Squiers' wired wireless and similar proposals 
— are not referred to. In the case of the telephonic relay as described 
in this chapter, the volume of telephonic speech can be kept within 
normal limits whilst at the same time the possibility of extending 
the range of commercial telephone communication by this means is 
very great. It will also doubtless be used as a means of cheapening 
the cost of the plant necessary to obtain a fixed standard of trans- 
mission eflBciency. 




Fic, 185. — The Thermionic Valve arranged 



262. The ThermloniB Valve used u an OselUatoi. — ^The use of 
this valve for the purpose named in the title is well known (see the 
" Handbook of Wireless Telegraphy and Telephony," by W. H. 
Eccles, p. 240, etc). If the discharge circuit of a three-electrode 
thermionic valve is inductively coupled to the grid circuit through a 
transformer, a transient potential impressed on the grid circuit 
will be amplified in the discharge circuit ; and a current will traverse 
the winding of the transformer in that circuit ; as a result, a further 
induced potential will be impressed on the grid circuit via the 
transformer winding in that circuit, and this will again be magnified 
in the discharge circuit, and so on. The necessary arrangements for 
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the production of electrical oscillations on this principle are shown 
in rig. 185. A transformer with three windings Wj, Wj, and Wj 
is provided, the windings Wj and Wg being connected as described, 
and the winding Wj lonely coupled to the other part of the trans- 
former. This winding is used to supply the generated alternating 
current as required. A condenser of suitable capacity is connected 
as shown, and by varying the amount of the capacity a range ot 
frequencies can be provided which will depend on the magnitudes of 
M and C. When the oscillator is used to provide sine wave alter- 
nating current of telephonic frequency between zn/ = 3000 and 2w/ = 
10,000, suitable values of inductance are obtained by means of two 
air-core coils each having a resistance of 27 ohms, an inductance of 
250 millihenrys, and a variable capacity of a total value of 2 mf. 
The best value of the mutual inductance M between the windings Wj 
and Wa and also the value of the capacity C is discussed in a " Note 
on the Production of Continuous Electrical Oscillations by the Three- ■ 
electrode Valve," by E. V. L, Appleton, M.A., B.Sc, in the EUc- 
itician for December 27th, 1918. The winding Wo may be wound 
to give some convenient value of inductance, but it ^ould be loosely 
coupled. It may be mentioned that the battery in the grid circuit 
is sometimes dispensed with. An oscillator such as that described 
forms anextranelyusefulportablegeneratorfor telephonic sine-wave 
measurements, and it is a valuable adjunct to the apparatus described 
in Chapter X. 
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Hftthematleal Proof of tbe Relations between the Voltage and Current 
In the Steady State In a Line of any Length with uniformly dlstribnted 
Eleetrloal Constants. 



€ 



-I if. ' — **" 

-hx iE„-dE — ► 

TjGdl i " 



i(RiH*Ldr) 
FIG. A. 



Let R be the resistance of unit length of circuit. 
" leakaoce „ „ ,, 

capacity „ 

inductance ,, ,, „ 

current at the leiu;th I from the sending end. 
E.M.F. 

„ j = ^— I indicating a lead of 90°. 
„ y be the propagation constant = ^ +}a. 

It is assumed that the voltage and current vary in a simple ] 
manner, their instantaneous values being — 



« =3 Emu sin lot 

i = Inwi sin (cut + d) 



(I) 

(2) 



Then we have, for diminishii^ values of volts and current, the 
lollowing equations : — 



-H-G' + CS 



dl 



dt 



{3) 
(4) 



Next, suppose the sine current to be represented by a vector denoting 

its maximum value I, then since the rate of change of a simple harmonic 

function is a times the amplitude and leads by 90°, the vector quantity 

(uLI will be revolved forward through 90° as compared with the vector 
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RT, and it may therefore be represented by /(uLI, hence {3) and (4) may 
be converted into vector equations and written 



-^-KI+j»U-(R+y„L)I . 


■ (5) 


-^-OE+iM!.~{C+i,^)E . 


■ (6) 






^-(R+i,.L)(G+y„C)E . . 


■ (7) 


g_(G+y«c)(R+y»L)i. . . 


. (8) 


(7) and (8) may be written 




^yj^ = y»E, where y is a conrtant , 


■ (9) 


14=v. 


. (11) 



Since the pension ol (7} and (8) in brackets consists of constants, 
both (q) and (10} have the form of faannonic equations, and the solution 
of (9) is 

E = A«T'+B«->' (II) 

This is evident if (il) be differentiated, for we then obtain 

which agrees with (9}. 

-jy is of the same form, and to obtain its value differentiate (ll) with 
respect to I, we then have 

§_,(A«»'-B,-1') (.2) 

Substitute tlie value of ^ in (12) irom (5}, we tlien obtain 

-(R+y^L) - • ■ 
From (7) and (9) y - VlR +y<"I-)(G +y"':) . . . (14) 

Tiierefoie (13) may be written 

I — '^''-°!3 -(.5) 

/E+yy^ 
V G+y„c 

Let >/ ^ ^^!"^ be written Z„ tlien (rs) becomes 



(■3) 
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To find the value of AandB. If / = 0, (11) and (16) may be writteD 

From (11) E = Ae*+Bii» = A +B 

From {16) IZ, = -Ae* + B«« = -A +B 

E + 12- _ ^ E - 12, . 
Whence — ' — =! = B and — ' = A 

Now since the values of E and I in A and B are the values obtained 
when / = o, they are the current and voltage at the beginnii^ of the 
line; call them E^ and I„ then (ii) and (16) may be written . 

^_ (E.+I.Z.) ,-^^(E.-I.Z.),^ |,^l 



-d^ 



If the line is indefinitely long El = IiZ« and — ^»I,, since the line 
1 too loi^ for any reflection effect, 

E=?|».^+(5>^^y = E,.-^ . . . (19) 

2 V « / Z, 

Zo is the impedance of an indefinitely long or infinite line, and y is 
the propagation constant of a decajring undnlatioii ; it is a vector by 
inspection of (14), and may be written /o + fl = y, and we may conse- 
quently write 

I=|l«-t)-+«' = |i^-*»s-M=|ieH«(co8a/-ysin<J) . (20) 

In the following formulae £ and I, which are general values for the 
volts and current at any point on the line, will be discontinued, since 
the S3rmbols E^ and I, have been appropriated for the volts and current 
at the beginning of the line, and henceforth in this Appendix, E^ and I^, 
etc., will be used to denote the volts and current at any other point on 
the line. 

(17) and (18) may be written, if y? = e 

E, =. Ei ^^ +f _) _ I,Z,*i— ^^— i = E, cosh e - I,Z, sinh (ai) 

2 Z, 2 z. 

Sending end Impeduiee of a trimmlsslon line of any length open at 
the distant end. 

In (22} It = o at the point /, i.e. the receiving end, and therefore 

I, cosh fl = =i sinh 6. that is 
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Sending end retbUnee of a truumlsslon line eloied at the distant end. 

In this case E, = o at the point /. and we get from (21) 

El cosh 9 = I,Z, sinh 9 

lat is z, = ^» = Z, ^^!^ = Z. tanh 6 . (24) 

I^ cosh 6 

To find the sending end current we have 

■^ = I, with the circuit open . . . (25) 
^ -■=« I, with the circuit closed . (26) 



By {22} I, =1, cosh B -p sinh 9. 

Substitute the value of 1,=,^!= _-^--. from {24). We then 
Z, Z| tanh 



obtain— 

'■i cosh e E, 



I.-^ 



Z,taiih0 Z, 
^E^/ cosh'g ■■ A _ El (cosh* fl- sinh' 9) 
"z,t,sinhff ) Z,sinhff 

= - E' ". i27) 

Z, sinh e ' " 

Voltage at the reeelvlng end of a transmission line open at Oie reeeivlng 
end. 

Substitute the value of I, in (21), and we get 

E, = E, cosh 9-- i— - Z, sinh tf 

' * Z, coth ' 

that is 

^ Eicosh'fl El sinh' g _Ei (cosb' g- si nh' g) ^ E, . „. 
' cosh $ cosh 6 cosh e '^ cosh 9 ■ 

Impedance at the end of a ttansmlsdon line dosed at the reeeiving 
end. 

The ratio of the impressed volts at the sending end to the received 
current is called .the receiving end impedance. 

We have -! = Zj and by substitution of the value of Ij.Zj is found. 

To show that the eharaeterlstie Impedanee = y'ZZi. 
From (23) and (24) we have 

VZZ, = V'Z. coth e Z^tanh 6 = Z, . . (29) 
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/ 


To show thai the ntio |^ = ^^. 






Ei 




I, Z, sinh e 
h E, 


cosO 


Z, tanh e 




Hence 


[j = cosh 





Current at the leceiviiiK end of a transmission line closed at the 
reeeivlng end by an impedanee Za. 



^|l^^ 



Fig. B. 

The voltage across the receiving instrument is IjZa = V,; 
therefore by (21) I.Za = V» = E, cosh $ - I^Z, sinh S 
Also by (22) I» = I, cosh fl - =* sinh 6 

From these equations I| may be found. Rearrangiog (21) and (22) 





■■-g 


cosh 6 = 


--|^Z.sinhfl 




'-H 


sinh = 


Ii cosh 




'-g 


coshe 


-&x 


Z, sinh fl 


|-"*» 


■-I; 


Einh« 


I.c 




cosh 9 


la cosh e 


- ^ cosh* e = - 
Za 


I^sinhfl 


-^sinh'tf 


, fcosh fl 


+ |sinh.)=| 


(co8h» e - 


sinh»0)=g 








E, 





Z, sinh 9 + Za cosh fl 

Current at the lendlnK end of a bansmlsslon tine elosed at the reoelvisK 
end bj i reststanee Za. 

In Fig. B the current I, is required. 

(zi) and {22) may be written ^ 

?>^25_» _ I,h sinh » - I, cosh e - ?! .^tJ 
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that is 


-.(^'+t')-H-'"-i^ 


that is 


, {"t'^'^Y 



Multiply and divide by Z<i and we then have 

E/coshff+^sinhfl\ 
' Za cosh + Z, sinh 8 
that is 1, = Ei/ Z« cosh g+Za slab g '. 

' Z,^Zacosh S + Zosinhe/ "' 

From (zi) and (22) the receiving end impedance and the sending end 
impedance are readily found. The receiving end impedance is defined 
as the ratio of the impressed volts at the sending end to the received 
current, or 

I, 



= Z, = Z, sinh + Za cosh • • ■ (33) 



The sending end impedance is 

/Za cosh B + Z, sinh 






Z, cosh 8 +Za sinh fi^ ' " ' '^*' 



The foregoing examples sufficiently illustrate the method. Farther 
developments are given in Chapters III., VI. and XIII. 

Development of the ittennatlon eonsUnt and the wave length 



The complex attenuation constant (14) is by inspection a vector 
quantity, and it may be written 

j8 +;■„ = y _ v'fR+MTiG+Tu'Q . - . (35) 
By squaring both sides we obtain 

^* + 2ja^ + >««' = (R +j«.L)(G +;c«C) 

= GR + j«.LG +/0.CR + 0.") 'LC 
Equating the real and unreal parts we obtain 

^»-a' = GR-tu«LC and 2ofl = tuLG + wCR 
By squaring and adding we have 

{^1 _„»)» + (2a^' = (GR - a."LC)» + («LG + mCB.)* 
that is 

(i8' + o*)* = G"R»-2<u"GRLC+o>*L»C»+(u*L«G* + 2»»LGCR + <u'G»R' 
= G'(R' +«*L') +<u'C»(R* + <u'L*) = (G» + <u»C*)(R' + c«'L») 
or /9* + «* = v'(G« + o.»C»)(R*+<u'La) 

Also (^» + »»} + iP* - a») = 2j8» 

.'. 2JJ« = V'(G* +u'»C»}(R« +cu»LSj + GR - tu»LC 
and /S = V'*iV{G' + '"'C')(R»+«»L»)+(GR-«»»LC)} (36) 
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This is the real part of the complex attenuation constant, it is 
generally refeired to as the attenuation constant. 

Similarly (^» + a*) - (fi* - a.*) = aa» 

Whence 2a' = y/{G* +<d*C»){R* +a.*L») - (GR - b.»LC) 
or a = Vil VfG' + tnK.'iiR.* + a.'L») - (GK - o>»LC) } (37} 

This is the wave length constant. 

(35) implies not only that the current changes in magnitude by a 
given percentage [P) per unit length in an infinite line, but also that the 
sine wave revolves tiirough a definite angle per unit length. 

The imaginary part of y (that is ja) merely states that the wave 
has revolved a radians in unit length, i.e. the phase at unit distance 
differs from that at the beginning of the line by that angle. Conse- 
quently, at any length / it differs by a/ radians. When<J=2ir then the 
wave has revolved through a complete cj'cle. The wave lei^h is 
therefore 

'-^ • (38) 

If we know the frequency (i.e. the number of waves impressed 
on the Une per second), then the velocity (V) of propagation is easily 
obtained, for the wave length is known and it is passed over in a time 

(=— where /is the numberof waves per second. We have-; = V, and 

1^ substitution from (38) 

Hi 
But / = i and therelore V = ?^ . . . . (39) 
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Elementarr Hathematleal Proof of the Relations between the Voltage 
and Ciurent in tbe Steady State In an Infinite Line with uniformly 
distributed Constants. 

I. It is assumed that the current varies in a simple harmonic manner, 
its instantaneous value being !„,„ sin wt. The symbols are the same 
as in Appendix I. 

If lU is a very small fraction of unit length, the following will be 
the electrical values for that small length of the circuit : — 

R xdl-^ Resistance of a very small fraction of unit length. 
G X i/ =3 Leakance „ „ „ „ 

L X lU = Inductance „ 
C X <«= Capacity 

If £[ is the voltage at the beginning of the length dl and £, the 
voltage at the end of this small length, then the voltage drop in the 
lei^;thi/is £j—Ej, and similarly in the next equal small length Ei — E, 
where E^ is the voltage at the end of the second small length lU. 

Let E, - E, be called dv \ ^ 
„ E.-eI „ dvj^^" (0 

Although the voltage in such a line falls continuously along its 
whole length, we may suppose it to be unchanged in the length dJ if 
that length be small enough. Call the current in this smalt length 
(say at the b^inning of the line) I,. The impedance of unit length 
is R -{-jaiL, and therefore 

Impedance xdl = (,R +ju,l.)dl .... (2) 

Now Volts = Impedance x Cmrent ■ . . . (3) 

and therefore E, - E, - du = (R +;a.L)I,(« (4) 

= volts consumed in length dl 

But current is also lost in the same lei^IJi ; firstly, owing to diiect 
leakage ; and secondly, because the dielectric gives rise to a capacity 
charge. The leakage in a small length dl is 

volts X leakance = E,G<H (5) 

The current loss due to the condenser is 

jatCEidi = loss due to capacity charge ... (6) 

The combined.loss due to (5) and (6) in a very small length is 

I, - I, = (it = EiGdl+jieCEidl .... (7) 
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where Ii is the current at the begioitli^ of the small length and I, the 
current at the end of the length : this expression may be written 

E,(G+;a.C)<«=A" . . . . ■ . (8) 
Divide (4) by (8) and we then get 

2. This equation has the dimensions ot an impedance multiplied 
by an impedance. If the necessary uniform conditions are fulfilled, 
as is the case in an infinite line, the impedance will be the same at any 
point on the line. This is evident from the following considerations : — 

(a) The voltage and current are continually attenuated during their 
transmission along the line, owing to the combined capacity and 
leakance loss, and they must ultimately become so small after transmis- 
sion over a sufficient length of circuit (an infinite circuit) that no elec- 
trical change is observed at the sending end even if the distant end be 
opened or closed. 

(b) Whatever point on the line be taken the line in front is still 
supposed to be an infinite circuit, and therefore to be subject to an 
unvarying condition. It follows that 

Ii I, ^ ' 

since each is the impedance of the line at a different point and the 
impedance is everywhere equal, and therefore ^ = y ■ Subtract 1 
from each side of this equation and we obtain 

but by (I) and (7) l'; ~ IJ I ,' '^ 37 *"* 

di;_E, 
di I, 
dv ^i 

di = i (^3) 

Substitute this value of do in (9), and we get 

ii» G -i-y<uC 

-'- I VHS-. ■ • ■ <H. 

Z, is called the characteristic impedance, it is the impedance of a 
very long line. 

3. A^ain, from (4) and (8) 

dvdi = (R -i-><uL)Iti;(G +ya.C)E,i/ 
whence f f- = <«»(R -l-y^L)(G +>C) 



-.whence .' * = ^ (11) 



therefore 

and therefore by {10} 
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Since the impedance is conrtaijt at all points of tlie line this raav be 
wntten f r<»n (3) ^ 

(S?=S' = '"'(«+>«''-}{G+J«C) . . (ig) 

thatis f = di\/(R +>L)(G +jwC] .... (16) 

That is to say. the ratio of the lost current di in anj short length dl 
to the current I^ at the beginning of that section is a constant iraction. 
This may also be expressed as -CZ_« = *, by dividing (7) by I,. The 

current at the b^:iniung of the second- short length is I , and the current 
lost in that section is I, — I, if I, 13 the current at the end of the second 
short section. 

Now -5^ — ' = -i-j — ! for each equals dl'\/{R +yiuL)(G +yiiiL) from 
(16) itseq. * 

In a third short section we shoold have *T - = ' I" * . and so on 
to H short sections and since each of these ratios =dl'^(R +jtoL) (G +j<aC). 
Therefore n '^ * = « X dl\/{R +y<uL) (G +y(uC), » beit^ a number such 
that n xdl = unit lei^th =■ i. 

Therefore '•(^^') = " >< ^ = v'(R+M-)(G +><oC) 

That is to say, in any unit length, whatever it may be (an inch, a mile, 
or a kilometre), the ratio of the current lost in that length, to the current 
at the begin n i n g of it, is n times the fractional loss found for a very 
small lengt h dl (where n x dl = unit length), and is measured by the 
quantity V.IK +>tuL) (G + j<uC), where R, L, G and C, are the constants 
per unit length. Thb quantity is known as the complex attenuation 
cooBtant. It is complex because it involves phase, and is a vector. 
Tlie constant is here denoted by y, bo that our expression becomes 

«X^«y = V{K+y«J-)(G+y<.,C) . . . (17)' 

From inspection of the formula it may be seen that it consists of a real 
and an unreal part, and it may be wntten 

y =ja. + ^ - V(E + J^L)(G +jo,C) . . . (18) 
The two parts may be separated algebraically as shown in Appendix I. 
4. It has been shown that the ratio of the lost current in any short 
length to the current at the begitming of that length, is a constant 
fraction anywhere in a uniform ai^ infinite line, (16) et seq., although the 
current is constantly altering in magnitude throughout the line. A 
little consideration vnll show that this is a case of the compound interest 
law, and that, consequently, the value of the current at any point is 
of the form I^ = e"^, where I^ is the current and e is the base of the 
natural Ic^arithms ; also, y is the complex attenuation constant per 
unit lei^th, and I is the number of units of length. 
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This may be proved as follows : — 

Let the current at the begitmii^ of the line be i and let y be the 
fraction of current lost in the first mile. At the end of this mile the 
current will be i — y, and this is the current at the beginning of ^e 
second mile. The same fraction of this beginning current, i.e. of i — y, 
will be lost in the second mile as was lost in the first mile. So that at 
the end of the second mile the value of the remaining current will be 

ii — y) of (i — y) = (i — y) », Similarly, at the end of I miles it will be 
i=(i — y)'. If instead oi taking so large a length as a mile for the unit, 
an exceedingly small fraction of a mile be taken, such that instead 
of losing the fraction y of the current per unit lei^i:fa, only the fraction 
^ (where n is a very, large number) is lost, then at the end of the first 

mile the current will have the value (i — J^j and at the end of I miles, - 
it will be 

= I at point I 

It is known and can be verified, that if the a^ebraical quantity 
(1+- J be expanded by the Bmomial Theorfcm, and x then assumed 
to be a very large number, the Summation amounts to 27i828 = e = the 
base of the natural logarithms. 

To make use of this fact, we convert ( i — -I to the form (i + - T. 

To efEect this let- = — ^ then n=—yx. Substitute this value of « in 

(-1)"- --- (--rK-^-r'K- r" 

= r->' = e-^'*i'^ = \^ (19) 

If the current instead of havii^ the value 1 at the commencement 
is represented by A, then (19) becomes 

I, = k3-^'+f» 

But the value of the current at the commencement of the line is ^ 

which may be substituted for A, and we finally obtain 

I, =%.-<<-+«' („) 

5. This is the expression for a decaying undulation where ^ is the 
attenuation constant and a the wave leng;th constant. The value of 
these constants is devel(q>ed at the end of Appendix I. 

It is a condition of this proof that the impedance is equal at any 
point of an infinite line, and subject to that condition the voltage and 
current in a transmission line with uniformly distributed constants 
(such as those stipulated in the proof) are attenuated in transmission 
along such a line in accordance with (20) ; or in other words, in accord- 
ance with the compound interest law. Now an infinite line in' the 



^.y Google 



37* TELEPHONIC TRANSMISSION 

literal sense does act exist, but a line with unifonnly distributed 
constants and of any length fulfils the same compound interest law if 
the receiving end of the line is closed through a resistance having a 
value Z,. "nUs is evident it it be remembered that the tine at any point 
has an impedance Z, measured from that point to the receiving end. 
If tha line is cut at any such point and the receiving end impedance 
substituted by mi artificial impedance Z,. the impedance of the circuit 
at every point is unaltered and the attenuation of the volts and current 
from the sending end to the resistance Z, will evidently be unaltered. 

6. If a direct current voltage is apphed at the sending end of the 
circuit instead of an alternating current voltage, the formulce derived are 
modified as follows, due to the fact that both uL and mC are dependent 
upon and proportional to the frequency factor, and therefore in the 
various direct current formulae tu = o. Also by (37), App. I„ if cu = o, 
tiien a = o, since this also depends upon the frequency. (14) therefore 
becomes _ 

(18) then takes the form 

y =f V(R + o)CG+o) = VKG . . . (22) 
(20) is also modified as follows : 

I. _|! ,-(•+•» .Sl.-^ (=3) 

It Should be noted that in the direct current case ^ and y are identical 
by (23), since a = o, but y is retained for convenience. R, is sub- 
stituted for Zg as the latter is an impedance, whereas R, is now the 
characteristic resistance. 

Since — = Ij the current at the sending end of the line, (23) may be 
written 

whence r=»~^ (^* 
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To and the Constants of «i Artiflelal T Line whieh sets externally in 
the Steady State In the same way as a Line of any Lenifth with 
nnUormly Olstrlboted Constants. 

Direct Current Case. — Having given that the resistance, measured 
from the sending end of a line of any length, which is made up of uni- 
formly distributed leakance and resistance, is constant when the line 
is clc«ed by a resistance R^, i.e. by its characteristic resistance {see 
Appendix II), it is required to find the values of the constants of an 
artificial circuit which shall satisfy this condition, and shall also fulfil 
the condition that the sent and received currents Ii and I| satisfy the 
equation 

if--^ <■> 

as is the case with the uniform line in the conditions stipulated tApp. 
II. No. (24}]. 

Let the artificial circuit be represented by the following diagram, 
Rj and Rj being independent resistances. 



Fig. C. 

It is required to find R^and R|, R^beii^ given, so that Fig. C always 
fulfils the foregoing conditions. By the elementary law of divided 
circuits the resistance (say R*) of the equivalent circuit, Fig. C, 
measured from the sending end is 

R^ B . Ri(Rl + R.) M 

By the conditions of the problem as stated above R* = R». The sent 
current will divide at the junction of R, with the line R,, inversely 
as the resistances Ri and R, + R,, and the proportion of the 

current Sowing through R, to earth will be — — * , ' p ■ ^^ 

"1 + R) + Ki 
received current Ij is by similar reasoning 

T IjRi .. I, ■ Ri 
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But by (i) ^ = e~^. If the resistance at the sending end of the 
line is constant I, is constant, and by (i) and Appendix II. we have 



I* 



(3) 



Substituting R« for Rx in (3) 
B, = R, 



, (4) 



R, +R,+R, 
ehave 
Ri(R,+R,) 
R,+Rj[ + R. 

In (3) and (4} we have two unknown quantities R, and B| and their 
values may be found by means of two simultaneous quadi^tic equations, 
as follows, and the equations thus solved to satisfy paiagraph 1. Clear 
(4) of fractions, and we get 

Ri*+K»R.+2R|Ri + RiR. = RiR» + R«' -i R<Ro 
whence by cancelling like quantities we have 

K,« + 2R,R, = R«« ... . (5) 

If in equation (3) we represent e~^ by A we may write (3) thus 
AR, + AR, + AR, = R, 



whence 



Ri 



,(i-.)-. 



- 1 by B, and then (6) may be written 
BR, - R, = R, . . . . 
Multiply (5) by B and (7) by 3R1, we then get 

BR,« + 2BR,R, = BR,* . . 
zBR,R, - 2R,» = 2R,Ro . . 
Subtract (9) from (8) we then have 

BR,» + 2R,« = BRo* - 2R,Ro 
that is (B + 2)R,* + 2R,R, - BRo» = o . 

This equation (10) is of the form oR,* + 6R, +c = 
being 



R, = —^^' 



R, = 



aR t ± V4R , ' + 4(B + 2)BR,' 
2{B + 2) 
- 2R, ± 2R,(B + I) 

2(B+2) ■ ■ ■ ■ 

R,{(B + i)-it _ R^ 



B + 2 B^ 

seeing that 3R«(B 4- 1) is always positive. 
. But from(5}to{7)B=Q-i')=i. 



(6) 



(8) 

(9) 



■ (10) 
the solution 

• (■■) 

■ (") 

■ (13) 
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Substitute this value in (13) and we then get 

■^"■^fcr! '"" 

Multiply and divide by ' and we obtain 

R, sinh ^ 
thatis R,= 1' =Ratanh^. . . . (15) 

cosh?^ ^ 

If 9 be written for yl then {15) becomes 

R, =R,tanh- (16) 

To find Rj ; formula (7) may be written 

K.-3i±i (.7) 

Substitute the vahies of R, and B in (17), R, being written as in 
{14), and we get 



^^ R.(.'-i) 



R.^ ^_^ '. .... (18) 

thatis E..R.i(fi±iVt(?!Ailix-^ 

that is R, =. ^^ (19} 

Multiply and divide {19) by s"* we then have 
R 2R. _ R. 

thatis R =J^ (20) 

' sinh 9 ^ ' 

The artificial T circuit may therefore be represented as in Fig. D 
by substitution of the values of R^ and R, in Fig. C and the elimination 
of the battery and the constant R^. 

This circuit fulfils th6 required conditions stated in paragraph i, 
and the values found for R, and R, satisfy equations (3) and (4). The 
artificial circuit shown in Fig. D, therefore, is the equivalent T circuit 
of a uniform transmission line of any length, which has a resistance R, 
when closed by an impedance R,, and it is the equivalent of a uniform 

line with an attenuation constant such that =-* =■ e~^. If the artificial 
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circuit is, as stipulated, always equal to the real circuit Irom its two 
ends, it will be equal when short-circuited or discoimected or wlien 
closed by resistances ot any value, as well as when closed by R,, and 



' rrr?z — ' 

FiH. D. 

such is in fact the case. The simple artificial circuit can therefore be 
operated upon as if it were the real circuit, and that too by means of 
Ohm's law, as shown in Chap. III. 

Altern^liiC Cnrrent CtM. — In this case paragraph i holds good if 
the word " impedance " be substituted for tlie word "resistance." We 
then have two unknown impedances, iritich it will be convenient to 
call Z, and Z^ ; these are vectors, and they replace the resistances 
Kj and R» which arc scalar quantities. The appropriate diagram is 
shown in Fig. £. 



Hllh 



2. 



Equations (3) and (4) are now modified as follows : 




z.-z. + ,-"-r^; ■ ■ ■ • (") 



Zg is now the characteristic impedance and all the quantities 
involved in the equations are vectors. These equations are exactly 
of the same form as equations (3) and (4), and in the general form in 
which they are expressed they must have similar roots to the direct 

current case ; thus by simple substitution, instead of R, = R, tanh - 

we now have 

Z, =Z,i:anh- (23) 



and instead of R, = . ' „ we now have 
sinh 8 

^■'^e <"*' 

It must, however, now be borne in mind that all the operations in 
the alternating current case are subject to the rules for the calculation 
of vectors ; the more important of these rules are summarized in 
Chap. I. If the frequency of the A.C. is o we have the direct current 
case and equations {21) and {22) reduce to (3) and (4). (See Ex. 5- 
p. 102.) 
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To find the Constants of an Artlfleial n Ltne whieh acts externally In 
the Steady State in the same way as a Line of any Length having 
uniformly dlstrllivted Eleotrleal Constants. 

The problem is the same as that statt d in Appendix III. except thaj 
a n line is dealt with in this case instead of a T line. Let the artiiiciaJ 
circuit of the n line be represented by the following diagram : 



HP 



Jr^ [rT 



Fig. F. 



The resistance of the above combination when measured from the 
junction i is as follows : — 

Let the resistance of the combination from i in Fig. F, with R, dis- 
connected at that point, be Rx, then the joint resistance of R, and R^ is 

R, + R* .^ ' 

By the law of divided circuits the resistance R* may be written 

«'-«-+S7ffc <"' 

Substitute the value of (2) in (i) ; we then have 



_^-tiisM 



' ^•+'''+%ft. 




Qearing of fractions we get 




tR»»R.+ R,'R, + R.Rb' + R.R,R, = R,R.Ri+ R.'R.H- R.R,» 


(4) 


•^■-s^Sk 


(5) 



•» ""-^-N/Erfk; (*' 

The current Ij passing through R^ to earth is 

I. = ' X the current in R. . . . (7) 
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II R* has the value stated in (a) the current Ij will divide at i 
and the current in B* is 



Substitute this valae in (7) and we have 

• °" R, + R, ^ R, + R* ■ 
Substitute the value of R* in (9) and we have 
R, IiR, 



B.+ 



. + R.+E 



that is 



1. -yi R*' 



~ R,R,+R,R,+R,'+R,R,+RoE. 
hence ^ = aR^, + R.R, + R.' + R*R. ■ 

B»'('^ - I) - R,R, 



R.= 



R4 + 2R« 



If B be written for 0^ — i we have 

_ BR,» - R«R, 
^ R. + 2R, 

Divide (5) by {12), we then have 

^'-R _ H«'R. .. aR«+R« 



(9) 






R, ^ 3R, + R4 R,(BR, - R J BR, - R, 
that is BRjR, = R«R, + R,R„ 

whence ^ BR.R, 

R. + R. 
Insert this value of R, in (12) and we get 

Clearii^ of fractions we obtain 

2R,»R, + 2R,Rj' + R,*R^B = BR,» 
that is 2R,*+2R,R,+BR,*=BR,> . . . . ( 

or BR,* — aRgR, - E,'(B + 2) = o 

This is of the form ax* + bx+e = o, where the value of * is 



(12) 

(13) 
(M) 



The root R, is therefore equal to 

-(-'R.)±V'4R.' -(- 
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The quantity under the square root sign is {(2R,(B + i)}', and 
therefore (16) may be written 

n _ aRo±aBB(B + i) 



B + I is always positive and (17) may be written 



«- = Kfe) 



(■7) 

(IS) 
(191 



Multiply and divide by e ' and we tlien have 



If tf be written for yi w« obtain 

R, = Ro coth - <i 

To obtain R, substitute the value of R, in {14} and we obtam 
, BR^ "•'"•-'(fe) R.,^ + .> 

R..5^) 



Multiply and divide by e"' tun 



i = E„ sinh « 



The equivalent circuit diagram is therefore as follows : 



n^'RoCcift^ 



Fig. G. 



The preceding proof refers to the direct current case, but it may be 
shown by similar reasoning to that at the end of Appendix III. that if 
A.C impedances be taken instead of resistances, and Z„ Z^ and Z* be 
substituted for R,, K^ and R,. a similar solution for the resulting equations 
would be found as those already found for Rj and R, with the proviso 
that all the resulting calculations would require to be performed by 
vectors. 
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I = a/RO, and that this la the 

In any telephone conductor with uniiormly distributed constants 
e have by App. 1. (36) 



j8 = Vi V(R'+B.*L*KG"'+^'C') +i(RG-o.'CL) . . . (i) 



=y.-:H|V(.+"-+„^ +§§;)-. 



Now if LG = CR then r^j^ = i and also ™ = i 
Substitute =^ for i and for ■ ^ ■ in (3). This then becomes 

becomes 



= a/kg (5) 

Again. (3) is the equation for fi in any and all cases whilst (4) gives 
(3 = vKG. The only difference between the two equations is that 
in (3), 1 + ^1 jwhich may be written g(g + ^^j is replaced by 

^Fr' ^^^ ratio of these two quantities is therefore 

LG/CR , LG\ 

CRVLG CR7 r/CR,LG\ ,,, 

cc ALG-^m) ■ ■ • (^> 



CR 

380 
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If this ratio is greater than r the numerator must be greater than 
the denominator ^-b- ^™* therefore {3) must be greater than (4). 
If, however, LG = CR, (4) givfes the minimum ^. This is readily proved, 

for in -( =r^ +i=rfi 1 the expression in the brackets consists of a fraction 

2\LG LK/ 
anditsreciprocal, andtheminimumvalueof thisis2, by Fig. 2, Chap. I., 
and (91), Chap. I., and therefore ^=^. whence CR=LG, i.e. the 

minimum vahie of (3) is found when CR = LG. In that case 
i/CR , LG\ ,, , , J ^1. r LG/CR , LG\ LG 

CR does not equal LG, (6) must be greater than 1 and therefore (3) ' 
must be greater than (4) in all cases. The latter gives, therefore, the 
minimum value of p. 

A simpler method of proving that fim = V^G might be given, but 
the method adopted permits of the subsequent simple proof that this 
is the minimum p. 

To show that when fi = -^/rq thon a = iwy/Q^. 

As shown in Appendices I. and II. 

a = v'iV{R' + "'*L'){G» + <«•€*) -i{RG -«»CL) . (7) 
This may be written 
'•=V{4V(R'+^*L«){G>+«j«C»)+}(RG-a.'CL)}-{RG-cuK:L) (8) 

The quantity in the large square brackets is the same as (i);'and 

therefore 

a = -v/j8'-(RG-<«'CL) - . ■ ■ (9) 

Nowwhen LG=CR. fl^VKGasshowninthis Appendix, Therefore 
VRG may be substituted for fi in (8) in that case, and we have 

o = VRG -RG+(u»CL = uiX^a. . . . (10) 
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In anj DdifOEiB Trammtolon Line, If uC Is gnat in eompariion with 
O ud luL Is freat In eompuison with R the treqneney laetoT dls- 
ippears from the Attenuation Constant and the Clrenlt la said to be 
distortionless, Iwth fi and a are then slmpUfled as shown In this 
Appendix. 



fi = Vi^(R« +«.*L»)(G» + (««C») +i(KG -^K.^ . (i) 
See App. I. (36). 

Extract the quantity under the inner root. We have 



Both of the latter quantities in the brackets are of the form (i +*)", 
and if R* is small in comparison with oi'L*, and G* is smalt in com- 
parison with »ii*C* then, by a well-known algebraic approximation, 

(I +*)" = 1 +nx. In this case » = J and * = ~ift ■ ^'^° ■*! — ~iFi 

We then have (r + *}*(i + «i)* = (^ + -Yi: + — ) and sunUarly (2) 

may be written 

The last term is negligible and (3) then becomes 

(--+5-,-) „ 

Substitute this for the quantity under the inner root in (i) and we 
obtain 

^-^1«'cl + (5^ + ^ + jrg)-j„-cl . (5) 

le quantity in 
therefore (5) becomes 



'=Wh1^/l■ ■ ■ ■ 
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To obtain the corresponding value of a the only change is that 
i(RG -(u«CL) in the equation of ^ at the end of (i) becomes 
— (JRG — tu*CL} in the equation for a, as shown in (37), Appendix I. 
Equation (5) in thb Appendix may then be changed to a as follows : — 

If '(4) be caUed A, then ^ = VjA +^(RG -(uK :L) as in {5), and there- 
fore a may be written a = VjA — K^G — tu'CL) by substitution of A 
for the quantity under the inner root in (37), App. I., that is. 






(7) 



= \/'"' 



, /RC - GL\" 



2VLC . 

If RC =GL the quantity in the brackets reduges to 

<i=a.v'CL (lo) 

Equation (6), however, is notlimited to the condition that LG = CR, 
but of course to the conditions specified at the heading of this Appendix, 
and it should be ascertained by trial in any given case how far (9) 
differs from (10). 
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APPENDIX VII 

Proof of the Equation In aecordanos with wUoh Fig. 90, Chi 
Coutraeted and BxamploB of AppUeatlon. , 

To show that / -"^ V^ 

As stated in Chap. IX. in connection with F^. 90, where 
L =best inductance per unit length 
Lj = any inductance chosen ior loading 
Li = inductance of loadii^ coil used 

Represent {^ + ^ by the letter A. 

Then AL = R by equation (4) Chap. IX. 



^" ^HgTf> 



Vg 



' AI. + AL, /L L + L, /L 
' AL + AL V L, ~ 2L V L, 

lVl + Wl _ LyT^ l,vT: 
2LVL, 2L-v/L» 2LV^ 

yC -y/L, 

= iS_i^_v 



H ^ b called * then (2) becomes!— —i— I =y. 

If some other values pirti and yi- are such that fittti j, = jS, where fi 
is the same as in (6), Chap. IX., then, fimy = pmi y^ and by (51), Chap. 
VIII., this may be written 

384 
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If R and y are the only variables this reduces to 
■v/R X y = V^, X y, 

Vfi(v'«-+^^)-v's;(v«-.+^_) 

Squaring both sides we Iiave 

R(* + 2+0 = R.(*i+3+i) . . . (3) 

Correction for Capacity and for ^^-^ ^. — In connection with F^. 90, 

Chap. IXt, it is obvious from inspection of formula (51), Chap. VIII., that 
if nothing but the capacity alters, the values of p will vary as the square 
root of the capacity, and F^. 8g is constructed on that basis. 

The same remark applies to the value =r-!-f — , and Fig. H and a correct- 
ing table have been prepared fortius (Table I., p. 389); previously to using 
this table, however, a prior correction must be made. From formula (4), 
Chap. IX., the value of L max. i.e. the best L, is inversely proportional 

to ^ + 1. If this is called A, we have ilSH.- = ^, vrfiere A is the 
Lj C L,niax. A 

value of -5-^+7; correspondii^ to L max. and A, the value corresponding 

to L, max. 

Now the X values in the horizontal line of Fig. 90 are the values 

* = — ^^ — ■' where L, is any value of inductance it may be desired to use. 
Therefore for the same values of L,, with different values of L max., we 
may write — 




so that for a given value of L, the value of x varies inversely as 
5l +^ = A, Fig. H shows the ratio between the values of A and Aj. 
and therefore of the values of * and x^. From the corrected value x^, 
the corresponding value of yi can be found fr om Fig. 90. 

/f+I 

Then if the correcting factor* / > —.from Table I. is called «,, 
V 70 

and fim is the value given in Fig. 90, the attenuation constant p for 
any circuit having a value of A differing from 70 is j8 = /3m X Bj X yj. 
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Graph showing Variation of VAtuES op x m Fig. 90 with Vakutions of 

5.+5 
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FIGURE 90. FURTHER EXAMPLES 

Example i. — ^It is proposed to use 55 m.h. per mile in a 100 lbs. 
copper circuit with a capacity of o'o65 mf. per mile. At the same time 
=J "» 50 and ^ = 3o. The required " p " value may be read direct 

from Fig. 90, Chap. IX., thus : Find 55 m.h. in the horizontal line 
relating to 100 lbs. Cu at the toot of the graph, and then find the corre- 
sponding " fi " value in the first vertical column on the right. It is 
00116 nearly. It may be stated here that the p for the standard 
cable is o'io6, therefore the standard cable equivalent of the 100 lbs. 
circuit is =o'ioq, and g'14 miles of the 100 lbs. cable has the 

same attenuation as i mile of standard cable. (For standard cable, 
see CbBp. XI.) 

Example 1. — ^Assume that instead of 0-065 capacity the circuit 
in Example i has a capacity of 007 mf. per mile. Refer to Fig. 89, 
Chap. VTII. Find 0-07 in the horizontal Ime, and then in the vertical 
line find the corresponding value. Multiply the value found in 
Example i by this figure. We have 00116 X i'035 =00120, the 
required attenuation constant. 

Example 3. — In a cable circait with a capacity of 0*065 mf. per mile 

and { ^ -I- -. J _ 70, it is required to load a circuit to give a " p" of 
a-oi6 ; what circuit and loading will give this result 7 Inspection of the 
graph shows three values, i.e. 100 lbs. with 24 m.h. per mile, 70 lbs. with 
52 m.h. per mile, and 40 lbs. with 225 m.h. per nule. The choice is' a 
matter of cost and convenience. The characteristic impedance must 
in this case be borne in mind, as the teiminal loss would be different in 
the three cases. 

' 7 is more or less than 70, two corrections are 



Tst Correction to obtain the correct value of .« in F^. 90. Example : 
Suppose a 100 lbs. conductor is to be loaded with 84 m.h. per mile, the 
capacity being that provided in the graph, but with a loading coil 

having a resistance of 35 ohms per henry and ^ beii^ 20, we have then 

r; + c=55- 

First refer to Fig. go — find the value of the inductance to be used, 
i.». 84 m.h., in the horizontal line relating to the 100 lbs. conductor. 

Above this, on the top or x line under the curve, will be found the 
value 3, Next refer to Fig. H in this Appendix and find 3 in the vertical 
line at the left-hand side of the grt^h — ^then in a horizontal line with 3, 
find a point in the line marked 55, and vertically under this in the bottom 
horizontal line will be found 382. Now refer to 382 in the * or the top 
horizontal line of Fig, 90, the corresponding p in the too lbs. vertical 
column is 0*01095. I^ a large number of references for any value of 
=-* -|- ^ are required, time is saved by permanently writing a new scala 
from Fig. H over the * line in Fig. 90, 
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2nd Correction. — ^This valae requires coirectioii to account for the 
value 55 instead of 70. The table headed " Table of Multipliers " to 
be used in this connection has been prepared for the purpose. In the 

first colunm find the value of f^+p to be ased in the calculation, i.e. 

55, and in the other column the correcting factor will be found. 

The required valup of ^ = -01095 x 'Sg = -00975. This is very near 
the value found by formula (48), Chap. VIII. 

If the " fi " value in Fig. 90 is called j3, and the capacity correcting 
multiplier is called Cj and the -J -]-— multiplier (obtained as shown) is 

called Hi, then any fi whatever is approximately given by j3 X Cj x a,. 

^or those expert in calculation, it may sometimes be qaicker to 
calculate p from (51) or (48), Chap. VIII., if a number of references are 
required. In practice, however, with a slide rule, any required p can . 
quickly be found by the graphs and tables. 

If the circuits are auperimpoeed, remember that a phantom circuit 
must be regarded as having double the weight of the conductor on which 
it is superimposed, and find the attenuation value for this double 
weight as before. 

Owing to the fact that there are double the number of coils in 
superimposed circuits as compared with circuits not superimposed, the 
increase in resistance must be allowed for. The e&ect will be to increase 
the attenuation constant shown in the graph. With the type of loading 
and gauge of circuit superimposed up to the present an increase of 5 
or 6 per cent, in the " fi " found from the graph will give a fairly near 
approximation to the required " p." No fixed figure will, however, 
rigidly E^ply. 

It should be noted that 100 lbs. Cu has a diameter of approxi- 
mately 2 millimetres (it is 2009 mm,), and that 20 lbs, Cu is 
^proximately equivalent to No. 19 Brown and Sharpe gauge, which is 
20-3 lbs, per mile — also that ^m for different conductors varies inversely 
as the diameter of the gauge of conductor used. Bearing this in mind,' 
other Continental and American attenuation values to a near degree of 
approximation may be deduced from the data given in Fig. 90 by the 
aid of Table No. t. Chap. VIII., on the assumption that 2 mm. Cu is 
the same as 100 lbs. Cu and No. tg Brown and Sharpe gauge the same 
as 20 lbs, Cu, 

The .error in j!m in the former case is 0'3 per cent, and in the latter 
case 075 per cent,, calculating on the basis of comparative weight of 
copper. 
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TABLE NO. I. 



Table of Multipliers to be used in connection with Fig. 90, Chap, IX., 
when ( f ' + 7; ) i* niore or less than 70. 



f^i 


«...e^-(y^ 




*35 





7» 




40 





76 




45 





80 




50 





85 




55 





89 




60 




93 




65 




96 




70 




00 




80 




07 




90 




13 




100 




ao 




JIO 


! 


25 




120 


31 

36 




130 






140 


1-41 
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APPENDIX VIII 

BebUlon between the Values of x and e-* 

Note* on Flgt. J, K, and^L. — ^These three curves show the relation 
between * and e-* from x =o to x =' 138. The values o£ e-* rai^e 
from r-* = i to «-* = ooooooi. 



L, 



3oa £-403 esoa t-ws s 
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3M 7-4oa 7S0e 7 


WM 


tia B-sra »'*io a-sio a 


eiO »-7l<l 9-310 9 


SKI 


913 11-613 11-713 II-BI3 1 


913 12013 ana a 


71.1 



Fig. J. — Relation between k and «-*. 
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Advantage is taken of the fact that the curves relatit^ e~* and x 
continually repeat themselves after passing through a definite cycle 
of values of «-* ; thus in Fig. J all tine figures (values of «-*) in each 
vertical column vary uniformly from the ^;iire at the top of each 






asae 


3-OW 


3i9e 


3-296 


3-3SS 


3-4M 


S^ 


swe 


S-398 


5-498 


SMB 


sese 


S-798 


389 


TM1 


7- 701 


7B0I 


7-io. 


SMI 


srbi 


8«I 




10-003 


lO'lOS 


I0-203 


10-303 


10-403 


lo-sc 





•■II-ZM IE-306 ie-406 t?-60G 



FiQ. K. — Relation between x and «->. 

column to half that value at the bottom of the column, and the natural 
logarithm x therefore varies in the way shown by the curve in each case. 
The actual numerical values of x are, however, of course different, as 
shown by the horizontal lines at the foot of the curve. Each vertical 
scale is connected with a definite horizontal scale, and the relative columns 
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are indicated in all cases by arrows at the junctions of the two sets of 
lines. The same principle applies to all three curves. It will be observed 
tliat_ the figures cover a very wide rai^e of values andjthat very small 
values of «-* can be read to the same accuracy as relatively large ones. 

iri 



11 
Ij 



ll 



Example i. — Findthevalueof « when «-*=! and *hene-*=o-ooooi. 
Answer. — When e-' = i, x =o, when e-' =o'ooooi then x = ii-5i3. 
Example 2. — ^The value of * is 5'498. What is the value of «-« ? 
Answer. — See Fig. K for the value of x, in the third horizontal line 
from the top. The corresponding vertical value is o'004I. 
Example 3.— If «-* = 00025 find x. See Fig, L. 
Answer. — x = S'ggi, nearly. 
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